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ABSTHACT 

't'hi  primary  olijcctivo  was  to  rrortl  and  maasuro  thu  furinniion,  Rrowifi,  and  dissipation 
of  the  visible  surface  phunumuna  during  Siiuts  Wahoo  and  iimbrulla  by  "'cans  of  tim«’J 
U-chnicai  photography.  Thu  stoondary  objective  was  t»  obtain  a  belt  ;r  undcrstaiiding  of 
the  nature  of  the  base  surge  by  recording  the  t>,'mp..raturu  and  humidity  at  various  positions 
in  the  surge  eloeu's  formed  by  the  collapse  of  the  ilumes  on  Shot  Wahtvi  nml  the  collapse  of 
the  column  on  Shot  Umbrella. 

Tho  shock  wave  from  Shot  vXhoo  'aTKkj^bjral  at  a  depth  of  500  feel  in  water  3,000  feet 
deep,  produced  a  primary  slioek  wave  slick  over  M,000  feel  in  diameter  and  a  primaty' 
spray  dome  5,000  feet  In  diameter.  (The  yields  used  in  this  report  are  those  considered 
must  accurst  '*<  of  6  January  1060.;  A  pressure  pulse  from  thu  collapse  of  the  subsurface 
cavitated  regie  vrviu  u  spray  ring  beyond  the  primary  dome.  Secondary  slicks,  cauaed 
by  shock  wave  r  iiec:!..ia  from  the  bottom  and  deep  strata,  were  also  obseivcd.  Thu 
initial  vertic.ai  vel.  >i 've  of  the  spray  domo  within  7UU  leet  of  sy^n.-e  ,■  ro  were  usri  'o 
calculate  undoiauter  >:n<'rk  wavi;:'"''5«»"i*fi.  Those  value*.  :,,...vd  ,,u,ii  j  ,o  M  peree.nl 
higher  than  extieeted.  Estimates  of  the  yield  based  on  the  calculated  pr*  ssures  gave  nn 
average  value  of  11  kt.  (This  methixi  is  approximatu  but  provides  a  useful  check  on  radio¬ 
chemical  values.)  Thu  dome  reachett  a  ma-ximum  height  of  S'lO  feet  in  7  seconds. 

Thu  Wahoo  bublilc  a|>paruntlv  usciilated  unco  w.hiic  migrating  to  a  position  above  the 
original  surfaet.  Its  reexpanslun  produced  a  liemispherlcal  mass  of  ptiiimis  nbout  1,600 
feet  high  and  .1,600  feet  In  diameter.  After  20  seconds,  lliu  collapsing  plumes  spread  out 
to  form  a  br.su  surge,  which  drifted  v/ith  tho  wind  und  was  measurable  to  ti  time  of  3.5 
minutes  and  a  crosawind  radius  of  6,300  fuel.  Tho  maximum  visible  surge  height  was  about 
1,400  feet. 

A  secondary  plume  formation  reached  a  height  of  850  feet  about  31  acv.'.r.ds  after  the  burst. 
When  (ho  water  nsar  surface  zero  had  stopped  rising  and  falling,  a  while  foam  patch  remained; 
tills  was  iiiivtsurablc  until  IG  minutes,  when  it  had  attained  a  diameter  of  about  10,000  feht. 

Shot  Umtirclla  was  an  B-kt  burst  at  a  depth  of  ISO  feet  on  the  bottom  of  the  Ivgoon.  Light 
from  the  explosion  was  visible  from  the  air  for  a  fiw  mlllinuconds.  Tin;  primary  shovk 
wave  produced  a  slick  S.'ion  luct  In  diameter  and  a  spray  rfotne  iibnni  3,d0n  feet  in  diameter. 

A  second  stick  and  a  ring  of  spray  formi'd  beyond  the  primary  dome  at  0.53  seeonii,  as  a 
result  nf  the  collapce  of  a  cavitated  region  beneath  the  surface.  Other  slicks  appea.>'ed  at 
later  times,  caused  by  reflections  of  ilie  oliuck  wave  from  deep  strata.  Thu  initial  sf.ray 
velociilRS  wilhlfe  200  feet  of  surface  zero  provided  rii  oblimatwl  yield  of  8.3  ki. 

Plumes  developed  rapidly  from  tlie  Umbrella  spray  dome,  attaining  a  cylindrical  shape 
and  reaching  a  maximum  height  of  4,300  feet  at  .10  seconds.  Thu  inaximum  plume  diameter 
was  3,250  feet  at  22  seconds.  Thu  lower  purl  of  the  plume,  or  oulumn,  c.  ii  ted  to  collapse 
at  6  seevada  and  a  surge  appeared  at  the  base,  possibly  originating  as  u  spillout  .from  the 
olgo  of  the  water  cavity.  Tbu  visible  base  surge  drifted  with  lliu  wmd  airi  w.'is  measurable 
to  a  limo  of  about  20  minutes  and  a  crusswind  radius  of  14,600  feat.  Its  maximum  liuight 
was  about  2,100  feet.  The  foam  patch  was  persistent  and  was  uteacured  fov  ‘1'“  •' 
when  its  diameter  was  about  8,000  feet. 

The  instrumentation  for  reeurding  tempcraluru  and  humidity  of  the  base  surge  gave 
limited  results  on  vv.-!hno  but  fairly  compl*>iu  data  on  Uinbrolla.  Both  visible  surges 
showed  evidence  of  heating  in  me  leading  ed{e.  The  Umbrella  recoids  showed  that  llie 
surge  was  warm  for  60  seconds  and  at  lOO-perceni  relative  humidity  fur  l*iu  seconds.  It 


then  in’camu  cooler  as  a  result  of  evaporation  and  drier  as  a  result  of  mixing.  It  returned 
to  ambient  eonditions. after  15  minutes. 

■  Methods  of  predicting  nuclear  dome,  plume,  and  base  surge  phenomena  for  application 
In  ihi  si,fr»  fielivery  of  anlisuhmnrinp  w>'S;ion8  are  summarized.  The  gaps  in  existing  know', 
edge  arc  pointed  out,  and  recommendations  for  future  studies  arc  included. 


FO..EWORQ 


Thti  report  prenents  the  flnal  results  of  one  of  the  projects  psrtlclpatlng  in  the  niilUary- 
cffect  programs  of  Operation  Hardtack.  Overall  Information  about  this  and  the  other 
military-effect  projects  can  be  obtained  from  lTR-1680,  the  “Summary  h.epoiS  of  the 
Commander,  Task  Unit  3."  This  technical  summary  Includes:  (1)  tables  listing  each 
detonation  with  its  yield,  type,  environment,  meteorc.ogical  conditions,  etc.;  (2)  maps 
showing  shot  locations;  (3)  discussions  of  results  by  programs;  (4)  summaries  of  objec¬ 
tives,  procedures,  results,  etc.,  for  all  projects;  and  (S)  a  listing  of  project  reports  for 
the  mllltary-etfact  programs. 


PREFACE 

Ths  authors  are  plaassd  to  uckacw*«i .  ,e  the  assistance  provided  by  Robert  K.  Price,  James 
R,  Mitchell,  a-td  Charles  R.  Niffeuv/ger  of  the  Naval  Ordnance  Laboratory  (NOL)  in  planning 
many  of  the  details  cf  the  experimental  operations. 

Ths  unusually  high  accuracy  of  tbs  data  obtained  from  the  four  photographic  aircraft  is 
due,  in  large  part,  to  the  cooperation  and  the  conscientious  efforts  of  the  Program  5 
personnel  who  positioned  and  tracked  the  aircraft  with  M-33  firs  control  radar  syatoms. 

Ths  careAil  work  of  the  analysis  personnel  at  Edgerton,  Cermsshausen,  and  Orier,  Inc., 
who  handlso  the  tedious  and  difficult  task  of  measurement  of  the  photographic  records,  in 
greatly  appreciated. 

In  the  preparation  of  this  report,  significant  contributions  were  made  by  Mrs.  Mary  L. 
Milligan,  Mrs.  Dorothy  M.  MaulUby,  and  Mr.  Joseph  G.  Connor,  Jr.,  of  NOL.  DIecusshes 
with  Dr.  H,G.  Snay  were  extremely  helpful  in  clarifying  certain  aspects  of  tlie  explosion 
phenomenolocy  and  the  general  scaling  problem. 
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Chapter  ) 
INTRODUCTION 


t.l  OBJECTIVbti 

Tim  primary  obje  Mve  was  to  record  and  measure  the  formation,  growth,  and  dissipation 
of  the  visible  surfaci.  'inc  -rni  during  Shota  Wnhuo  and  Umbrella  by  means  of  timed 
technical  photography.  The  o'  enom.ena  of  interest  Included  the  slicks,  cracks,  spray 
domes,  water  columns,  ’!'•*  shock  waves,  condenaatiOit  .iouti*,  plumes, fallout  visible  base 
surge,  and  foam  patches  tdecl.on  1.4;.  The  purpose  of  obtaining  *Rts  was  to 

Interpret  the  data  In  terms  ot  c.^plvision  theory  and  to  use  the  results  tor  the  improvc.mtnl 
of  existing  scaling  techniques.  These  scaling  methods  are  employed  in  the  development 
of  offensive  and  defensive  tuctics  for  military  situations  in.  which  underwater  nuclear 
weapons  are  used. 

The  secondary  objective  was  to  obtain  a  better  understanding  of  the  nature  of  the  base 
uurgft  by  recording  the  temperature  and  humidity  at  various  positions  in  the  surge  clouds 
formed  by  the  collapse  of  the  plumes  on  Shot  Wahoo  and  the  collapse  of  the  celumn  on  Shot 
umui'etia.  This  method  was  expected  to  show  the  conditions  within  the  surge,  give  infor* 
mation  concerning  the  interaction  between  the  base  surge  and  the  ambient  atmosphere,  and 
possibly  Indicate  the  motion  of  the  base  surge  after  part  or  al!  of  It  had  become  invisible 
because  of  the  evaporation  of  water  droplets. 

1.2  EXPERIMENTAL  BACKGROUND 

The  U.S.  Naval  Ordnance  Laborc'ory  (NOL)  has  conducted  a  uonnnaing  investigation  of 
the  base  surge  and  the  related  surface  phenomena  of  underwater  explosions  since  1949.  The 
experimental  work  has  included  tests  “.ith  high  explosives  weighing  from  10  pounds  to  45  tons 
(References  1  and  2),  underwater  expIo.ainn  tests  in  a  vacuum  tank  (Reference  3),  and  hydrau¬ 
lic  .models  of  the  base  surge  (Reference  4).  Most  of  the  data  was  obtained  by  means  of 
photography.  In  addition,  instrumentation  was  placed  in  the  HE  base  surges  to  determine 
droplet  and  particle  sizes  and  to  record  the  changes  in  temperature  and  dewpoint  (Reference 
2).  Laboratory  personnel  participated  in  Operations  Castle  (Reference  5)  and  W'puam 
(Reference  6)  for  the  study  of  the  surface  phenomena  of  surface  and  underwater  nuclear 
bursts  by  photographic  means.  Some  analysis  of  the  records  of  Shot  Baker  in  Operation 
Crossroads  has  also  been  conducted.  Sealing  laws  have  been  developed  for  the  prediction 
of  the  surface  effects  of  shallow  underwater  nuclear  bursts  (Rt'ferenre  1). 

A  considerable  effort  has  been  devoted  to  the  study  of  the  surface  phenomena  .>t  relatively 
deep  underwater  explosions  by  other  laboratories,  starting  during  World  War  1  and  extending 
through  Wvrld  Wnr  II.  One  of  the  main  objectives  during  this  period  was  the  ueterminatlon 
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of  the  explosion  depth  o'  depth  citarges  by  the  measuremenl  of  the  slick,  spray  dome,  and 
plume  phenomena.  An  extensive  bibliography  of  this  work  is  included  in  Reference  6. 

l.a  hUUTAHY  SIGNIFICANCE 

The  surface  effects  of  conventional  underwater  explosions,  in  contrast  to  nuclear  bursts, 
are  not  considered  to  be  of  major  military  '.mportance,  although  so.me  use  has  'cen  made 
of  the  damaging  power  of  the  vertical  Jets  formed  by  shallow  explosions  for  the  demolition 
of  bridges  (Reference  7).  In  addition.  Jets  and  plumes  from  exp'oding  mines  and  s^.-lls 
may  constitute  a  hazard  to  low-flying  aircraft.  However,  surface  phenomena  have  be'e.i 
used  primarily  In  experimental  studies  as  a  source  of  information  concerning  the  explosion. 
Under  ideal  c.xperiiiiOntat  coiidliions,  tlie  surf.ice  effects  of  a  conventional  uiiderwaler 
c.xplosio.i  Indicate  the  depth  and  position  of  the  charge,  the  peak  shock  wave  pressures  at 
the  water  surface  from  surface  zero  to  a  considerable  distance,  the  petiods  of  bubble 
oscillntion,  and  tnc  pliasc  of  the  bubble  at  the  time  it  breaks  the  surface.  Tiie  values 
calculated  from  photographic  measurements  provide  a  useful  che^it  on  the  data  obtained  ■ 
from  other  types  cf  ipstrv  'entation,  if  such  data  is  available. 

Ill  contrast  to  convcntio.  -ind  -w.ater  explosion  effects,  the  plumes  and  associated 
cloud  phenomena  (cauliflowe'  olei.il  fallout,  and  base  surge)  of  nuclear  bursts  .h.-’vo  major 
military  signlllcaiice  because  o'  the  role  they  play  as  rarri>;i of  .adlouctive  cuntaminaiits. 
For  example,  the  cauliflower  tioud  from  a  shallow  burst  may  be  the  sc:;'?''  oi  ig'  •iK'rgy 
initial  gamma  r.idiatlon  (Reference  3).  The  fallout  and  base  surge  may  transport  coniaml- 
nants  several  miles  downwind,  thereby  extending'the  zone  of  airborne  radiation  hazard  well 
beyond  the  region  of  physical  damage  from  the  shock  wave  and  other  effects.  The  close-in 
region  in  which  thu  plumes  originate  is  probably  a  zone  of  certain  destruction  for  shlj^s  and 
aircraft  because  of  the  rambined  severe  effects  of  plumes,  shuck,  and  radiation.  In  the 
case  of  a  relatively  deep  burst  delivered  by  a  low-flying  aircraft,-  the  pilot  must  also  evade 
a  ooasiblo  hazard  from  water  rising  In  the  spray  dome. 

As  In  conventional  underwater  explos'ons,  technical  photography  of  nuclear  bursts  pro¬ 
vides  Information  that  aids  In  the  interpretation  of  the  records  obtained  with  iiiiderwntsr 
pressure  gages  and  may  reveal  phenomcn.  that  arc  not  delected  by  other  Instrumeniallon. 

For  example,  In  Omiratlon  Wigwam  (Reference  6),  aerial  photography  revealed  patches  of 
spray,  well  beyond  the. extent  of  the  spray  dome,  which  were  caused  by  the  focusing  of  the 
shuck  wave  by  reflection  from  the  Irregular  ocean  bottom.  These  spray  patches  were 
regions  of  relatively  high  pressure  that  .may  have  significance  In  regard  to  damage  to  surface 
vessels.  It  is  linprselieublc  to  measure  ;  mh  elfects  with  gages,  because  it  is  probably 
impossible  to  predict  where  they  will  occur.  However,  technical  photography  can  Indicate 
the  locations  of  such  regions  and  provide  an  .tstimate  of  the  magnitude  of  the  peak  pressures 
involved. 

1.4  ut^GRIPTION  OF  PHENOMENA  AND  THEORY  OF  SCAIINC 

The  surface  phenomena  of  underwater  uxpiosic:,j  can  be  divided  into  two  main  categories; 
(1)  those  produced  by  the  shuck  waves  emitted  at  the  time  of  the  explosion  and  at  iuibuls 
minima,  and  (2)  those  produced  by  the  mass  motion  of  the  water,  which  accompanies  bubble 
pulsation  and  its  emergence  above  the  surface. 

1.4.1  Shock  Wave  Effects.  The.  shock  wave  produced  by  an  underwato'*  “xplosion  propa¬ 
gates  outward  radially  at  an  extremely  higli  velocity,  wrich  decreases  r.ipidly,  approacning 
the  speed  of  sound.  For  TNT,  the  following  expression  shows  the  relationship  between  the 
peak  pressure  in  the  spherical  shock  wave-and  distance  from  the  burst  (Reference  !)): 
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Where:  -  peak  overpressure  in  ihe  shoek  wave,  psi 

W  ■  weight  of  c:qilosivc,  pounds 

n  -  distapoft  from  center  cf  clarge,  or  slant  range,  feet 

Hquatiun  1.1  (a  not  vrt(nl  for  '/alueo  of  w'^Vh  greater  than  aljoiit  1.5.  Ib'^Vft  (P^  = 
25,000  pat). 

The  shapo  of  the  shock  wave  )e  given  by  the  f<)l!o*'!ng  eiiuallon  (Hefervnee  0): 

P  *  Pov'*'^® 


Wheret  P  ‘  ovorpru'tuuro  in  the  shock  wave,  pal 
0  >  b,ase  '■'•athra!  logarUlmia,  2.718 
t  •  time,  t,  cc 

0  •<  elioek  w;:v;  dec.-iy  oonsiant  (time  liitorvi.  .'or  peak  ov«rpresser<'  to  decay 
to  Pq/ci;  man! 

For  TNT,  the  decay  conaiam  may  be  calculated  from  the  following  equation  (Reference 
10); 
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When  Iks  shoe!:  •.veve  rcaehsa  she  awri’acc  of  the  Watui',  it !»  tvtWeled  u»  h  ieiiBiun  wave. 
The  i.ntcriicctlort  of  th.i  ahoc):  front  and  the  surface  la  visible  frt'm  above  .as  a  rapidly 
expanding  ring  of  darkened  water,  eumetimos  called  the  slick  (ncfcrence  0).  Foltowing 
closely  hehiufl  the  darkened  region  U  a  white  circular  patch,  which  has  been  called  the 
crack  iHefwenctt  U).  Evidence  e.vlKla  that  the  surface  of  the  water  is  undisturbed  and, 
therefore,  liial  the  whiteness  occurs  under  water,  probably  as  a  result  of  cavitation  pro¬ 
duced  by  the  tension  wave.  Gecmctrical  conaloeratlons  Indicate  that  the  velocity  of  spread 
of  the  stick  is  a  function  of  charge  depth  only,  providing  that  the  'mdenvalcr  shock  wave 
lias  slowed  down  to  sonic  v«»lec»t>  and  refraction  effects  may  be  neglected.  Co.  sequently, 
measurements  of  the  rata  of  growth  of  the  initial  surface  disturbance  have  been  used  to 
determine  the  depth  of  explosions  (Reference  5). 

The  slick  and  crack  are  difficult  to  obseiwo  o.xperlmenlatly,  and  descriptions  of  these 
phenomena  in  the  literature  are  not  consistent.  Klgh-speed  technical  photography  Is  needed 
(ui  their  proper  resolution,  and  the  appearance  of  the  stick  and  crack  is  hlglily  dependent 
on  lighting  and  viewing  angles.  In  some  cases,  the  passage  of  the  shock  front  produces  only 
an  apparent  lightening  of  the  water  suriaco,  and  sometimes  there  Is  no  visible  eftsut. 

Shortly  after  the  crack  appears,  the  water  nbove  the  o 'plosion  riscs'vertlcally  to  form 
a  white  mound  of  spray  called  the  spray  dome.  This  rl.«»*  is  duo  to  the  p-artl-'le  velocity 
imparted  to  the  water  surface  by  the  rellection  of  the  shock  wave  and  Ihe  subsequent 
breakup  of  the  surface  layer  into  drops  of  spray. 

Directly  above  the  ch.irge,  the  Initial  verttra.'  *  viocity  of  tlic  surface  shoyld  be  approxi¬ 
mately  equal  to  the  sum  of  the  particle  velocities  tn  the  incident  and  reflecle*!  shock  waves, 
which  are  assumed  to  be  equal  In  magnitude.  A.  all  positions,  except  surface  zero,  the 
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lurtiuiu  vtiocitios  in  thu  shuck  waves  have  eijual  and  opposite  horizontal  components,  which 
cancel,  hat  ihe  vertical  ccmpoitents  arc  both  directed  upward  and  arc  additive.  The  result- 
Ml  vo.'tlca!  velocity,  of  the  surface  Is,  thiTcfcro, 


V  r '  Pq  ot>a6  __ 

'^o  p  u 

Where:  -  Initial  vertical  velocity  of  the  surface  at  a  point,  ft/ sec 

P  -  ambient  density  of  the  water,  slugs/ ft*  (Ib-secVft*) 

U  shock  front  propagation  velocity  at  the  point,  ft/sec 


(1.4) 


A  1  angle  with  the  vertical  of  ihe  linn  from  the  explosion  to  the  point  on  the 
surface  (The  factor  of  144  la  included  to  conv  rt  the  units  of  pg,  which 
are  in  pai,  to  Ib/ft*.) 


Ber.eatli  the  surface,  the  downward-movirg  tension  wave  is  superlmposod  on  ihe  tall 
of  the  positive  phase  of  the  shock  wave,  *.vli]c.*t  is  moving  upward.  At  tome  depth,  tlie  net 
tension  becomes  great  en  .  to  rupture  the  water  and  the  surface  layer  breaks  away  and 
produoi-s  a  cavltzte.i  region  .aua’d*  the  surface. 

It  is  generally  assumed  h.'il  this  layer  of  water  r*scs  irom  the  surface  with  tliu  initial 
ve'iocb^V  siiuwiiby  Kquatiuii  1  4,  n.'.vnvvs,  it  eeciiii,  puSBiuie  Untl  the  initial  't-icll  might 
be  reduced  as  a  n.'sul,  of  the  wurl.  .lane  in  ca>>Mi:.t-  ‘he  water  beneath  the  '  •i-iace.  cunse- 
quently,  liquation  1.4  Is  sometimes  modliie''  to 


2  (144)  Pg  cos  A  -  1 14  P| 


(1.5) 


Whore:  P|,  «  breaking  pressure,  psi 

An  estimate  of  the  thickness  of  the  surface  layer  may  be  obtabied  from  the  fallowing 
formula  (Reference  9); 


L .  IgulfttUiLg _ 

2PoC(l-l.l3u|) 


(1.6) 


Where:  L  thickness  of  surface  layer,  feet 
p),  r  hydrostatic  press'ire,  psi 
c  -  charge  depth,  feet 

{equation  1.6  shows  that  the  thickness  of  the  surface  layer  Increases  with  distance  from 
surface  zera  The  equation  of  motion  of  a  torizontal  layer  moving  upward,  but  decelerated 
by  graviv/  and  by  the  pressure  difference  between  the  atmosphere  and  the  cavilated  region, 
is 


dt  p  L 

Where:  v  =  upward  velocity,  ft/ sec 
t  i  time,  sp<v”.d.s 
Pj  ’  atmospheric  pressure,  psi 


(1.1) 
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i  cavity  pressure,  ps> 

(?  -  acccluratio.i  due  to  gravity,  (t/soc* 

Inlegrutiun  of  tc|uutiun  1.7  over  the  time  o:  rise  and  descent  ol  Itic  surtacc  layer  shows 
that  thu  closure  time  ol  the  cavitattd  region  should  be 

,  .  2  Vo _ ,  o, 

o  ■  m  (Pa  -  P„)  1  '*  ■ 

Where:  t^  <=  time  required  tor  surface  layer  to  rise  and  fall,  or  closure  time  of  cavltatcd 
region,  seconds. 

Pressure  pulses  iiave  been  detected  as  a  result  of  the  water-hammer  effect  produced 
when  thu  cavitatud  region  closes.  The  times  of  occurrence  of  these  arc  reported  to  be  in 
reasonably  good  agreement  with  values  nalculatcd  from  Equation  1.8  (Reference  I'J).  This 
bulk  cavitation  phenomenon  is  of  considerabVo  interest  in. regard  to  shock  damage  to  ships. 

The  actuftl  struc  of  the  spray  dome  and  the  phenomena  beneath  the  surface  are  un¬ 
doubtedly  more  comp.  t!...;i  indicated  above.  (An  extension  of  this  sim|>lb  treatment  would 
show  that  a  senes  of  1  .vers  of  watur  should  rise  upward  beneath  the  sur'oec  bnycr.) 

T.hc  surfa.nc  layer  ado  .ll, '.teaks  up  Into  spray,  ailcual  partiuly,  m  lavitated 
region  is  probably  .n  zone  of  cavitation  b  inai  t.ho  surfaac  ,:i'’or  luay  not  separate 

oompletcly  from  the  water  beneath  it.  Thu  values  of  P|j  and  Pq  to  be  employed  ir.  Equations 
l.S  through  1.8  depend  u.non  experimental  conditions,  and  the  correct  values  to  be  employed 
in  a  given  case  have  not  been  established.  'However,  Pq  cannot  be  less  than  P^  (Reference 
13). 

Slick,  crack,  and  spray  dome  phenomena  rnay  be  multiple  in  nature  if  bottom-refletted 
shock  waves  and  pressure  waves  resulting  tr«m  bubble  pulsation  reach  the  surface  with 

Milfflnlont  Intensity, 

If  Equation  1.4  could  be  used  with  confldenitc,  it  would  be  possible  to  calculate  the  posk 
underwater  pressures  along  the  water  surface  wherever  spray  Is  visible.  This  would  permit 
the  determination  of  depth  of  burst  for  a  charge  of  known  weight  or  the  calculation  of  charge 
weight  If  the  depth  U  known.  This  has  been  done  successfully  in  some  cases,  but  discrep¬ 
ancies  have  been  observed  In  other  experimental  programs  iRcference  6).  Tliese  discrep¬ 
ancies  sometim.es  take  the  form  of  anomalously  high  Initial  velocities  (References  6  and  8). 

The  explanation  for  this  probably  lies  In  the  breakup  of  the  rising  water  surface  into  a 
spray.  It  has  been  shown  In  Refsteiiue  14  tliat  a  water  surface  is  stable  If  It  i.s  .■)Rc.''lrr.ated 
in  the  direction  of  a  less  dense  medium,  such  as  air,  but  becomes  unstable  if  the  direction 
of  acceleration  U,  reversed.  In  the  case  of  the  spray  dome,  the  motion  of.thu  upper  surface 
of  the  rising  la.yer  is  directed  into  the  air  but  the  entire  layer  is  being  decelerate  by  gravity 
and  a  pressure  difference.  Consequently,  the  acceleration  vector  is  directed  downward  and 
d..-  upper  surface  becomes  unstable.  Very  small  rip()les  am}  minute  irregularities  are 
stabilized  by  surface  tension,  but  longer  ripples  and  gravity  waves  grow  In  amplitude  at  an 
exponential  rate  as  a  result  of  the  decoloration  of  the  surface.  In  addition,  risi.-g  apikes 
of  water  appear  at  the  location  of 'random  disturbances,  patches  of  foam,  debris,  and 
irregularities  in  the  surface. 

As  a  result  of  this,  the  surface  is  covered  liy  a  dense  tna.ta  of  water  lets  with::'  miiii- 
sccopds  after  the  reflection  of  the  underwater  shuck  wave.  ‘Vliune  jets  break  up  ’lu  d;.,? 
of  spray  in  a  short  time.  Near  the  center  of  the  de-ne,  the  entire  surtacc  of  the  v  :ter 
breaks  up  into  a  white  spray,  which  appears  to  be  smootli  and  .maorm  when  viewed  from  a 
distance.  However,  closeup  photographs  siiow  that  tne  spray  in  more  pronounced  on  the 
crests  of  waves,  although  spray  is  also  present  in  the  u'cvg!'*.  At  the  edge  of  the  dome  the 
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spvay  is  confined  to  the  wave  crests  and  the  orismal  surface  wave  pattern  can  be  clcarlv 
seen.  Spray  dome  diameters  ary  comsequenily  greater  in  r<Xigh  water  than  is  smooth  water. 

If  initial  spray  dome  velocities  are  ijseasureil  on  a  high-speed  photographic  record,  an 
early  nxtremely  rapid  rate  of  rise  of  jets  and  spray  abo^’e  the  surface  Is  detected.  This  is 
greater  than  the  Vg  shown  by  Equation  t.-J.  After  a  period  of  time,  generally  a  few  isiilll- 
secoiids,  the  observed  velocity  may  drop  fairly  suddenly  to  a  value  that  is  in  appr.oximate 
agreement  with  the  Vg  pre'dlctcd  by  Equation  i.4.  The  reason  for  this  Is  not  cli  ■'r.  Theory 
indicates  that  tli.i  early  rate  of  growth  will  be  exponential  and  will  continue  only  until  ’.he 
amplitude  of  a  disturbance  ;»  afoul  l.ur-U-ntfis  of  the  wuvelonglli.  After  lliat  time,  Ihe 
hcight-versus-tlmc  curve  should  be  parabolic. 

Some  evidence  that  the  initial  bulk  motion  ct  ike  wxter  beneath  the  spray  follows  ^uation 
1.4  was  obtaiiiid  during  Operation  Wigwam,  where  the  weapon  support  barge,  tlie  YC-i73, 
rose  with  an  initial  velocity  approximately  -«  indicated)^  Equation  1.4,  although  the  leading 
spray  rose  at  a  iiioro  rapid  rate  (Referen-o  6). 

An  additional  factor  that  may  cause  the  initial  spray  dome  velocity  to  differ  from  that 
indicated  by  the  simple  theory  used  above  is  the  possibility  that  a  shaped -cliarge  effect 
may  cause  Jetting  in  the  tr  "cha  of  waves  near  the  center  of  the  dome  (Reference  IS).  It  is 
also  possible  that  the  surfa  on .  i  may  focus  the  underwater  shock  wave  (Reference  12). 

If  the  high  Initial  Instabllii  vel.v  -i.es  .ire  l.^nored.  the  rise  of  the  spray  In  the  dome  ca'i 
sometimes  bo  represented  by  .1  -arnMlc  expression  of  the  )wli.^  .'firm  (Reference  Ifi); 

h  -  Vgt-fr  n.!i) 

Where:  h  ”  height  of  spray  dome,  feet 

f  e  retardation  coefficient,  ft/scc’ 

The  proper  value  of  f  depends  on  Much  factors  as  charge  site,  depth  of  burst,  position 
In  the  dome,  and  surface  roughness.  Physically,  It  represents  half  ihc  deceleration  of  the 
spray,  which  results  from  drag  forces  and  gravity. 

Spray  dome  dlamctcrt.  Increase  with  increasing  chargn  depth,  and,  since  the  heights 
decrease,  the  dome  profiles  becumo  flatter.  Consequently,  measurements  of  the  shape 
of  the  spray  dome  have  been  used  as  a  technique  for  determining  the  depth  of  explosion*. 

The  dome  is  surrounded  by  a  region  called  the  black  ring  or  dark  ring,  where  small 
isolated  Jets  or  .spikes  of  water  can  be  seen.  The  dark  appearance  is  an  optical  effect  due 
to  reduced  regular  reflection  of  light  by  the  ruffled  surface,  and  varies  with  the  position  of 
the  observer.  The  dark  ring  Is  n  relative’;.’  stationary  phenomenon  that  does  nut  change  In 
sire  'or  a  period  of  time  after  its  formation  (Re.'orence  11). 

The  same  shock  wave  surface  phenomena  are  observed  in  both  HE  and  nuclear  underwater 
tests.  However,  for  nuclear  bursts,  Equations  1,1  and  1,3  become  (Reference  10): 

/yl'lN  I.U 

Pg  =  4.38x10*  j  (1.10) 

and 

(u  \ 

Whore:  Y  =  yield,  kt. 

A  comparison  of  Equation  1.1  with  I.IO  and  1.3  with  ’.1*.  shows  that  an  underwater  n,  'lear 
burst  with  a  yield  of  1  kt  produces  the  same  peak  pressure  at  the  same  distance  as  tr.e  deto¬ 
nation  of  0.667  kt  of  TNT,  and  produces  the  same  t:me  .'onstant  at  the  same  distance  as  the 
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(icionation  of  0.737  kt  of!  NT  (Kcfurcnco  10). 

Equation  1.10  i,?  iiot  valid  for  values  of  Y'  ’/U  greater  than  about  0.0016  kt’'Vft 
(1>„  3,0OO  psl).  However,  peak  pressures  for  posiliuhs  closer  to  a  nuclear  burst  may 

he  calculated  from  Information  given  in  Kefereiice  17. 

The  scaling  of  shock  waves  is  relatively  simple  and  is  based  z:  ihe  principle  that  com¬ 
pressibility  aid  inertia  forces  govern  the  phenomena  (si'e  Appendix!,  fionsequently,  a 
change  In  the  linear  sire  of  the  charge  by  a  factor  kj  means  that  peak  pr'ssuro'  and  veloci¬ 
ties  will  ue’ unchanged  if  distances  and  times  are  multiplied  hy  the  same  factor  oteferences 
9  and  18).  For  spherical  TNT  charges  of  a  uniform  density,  li;o  culm  root  o'  thi,  charge 
welglt  is  proportional  to  the  radius  and  may  be  used  as  a  linear  scale  fac'or.  A  conversion 
factor  must  be  employed  for  the  scailpg  of  TNT  data  to  other  explosive  compositions  or, 
as  shown  above,  to  nuclear  bursts. 

In  practice,  shork  wave-induced  surface  phenomena  arc  scaled  in  terms  of  the  depth  and 
weight  of  the  explosive  charge,  which  may  bo  expressed  i.i  the  following  manner: 


Where:  -  reduce  ciuriTj  depth  for  HE  tests,  ft/lb''* 

The  following  rc'ai:''"  d»fine8  the  geometrical  scat,  facioi  I::  terms  of  both  char.'r;  depth 
and  tile  cube  root  of  c!u.rge  •.eight. 


Where:  k|  >  length  scale  factor 

subscript  m  refers  to  the  model 
subscript  p  lefers  to  hhe  prototj’pe 

The  Initial  spray  dome  velocities  calculated  from  Equation  1.4  chouid  be  equal  fnr  charges 
exploded  at  the  same  reduced  depth  Aq  in  free  water  if  p  and  U  tivo  the  same  in  all  experi¬ 
ments.  Spray  dome  heights  will  not  be  the  same  because  of  the  dependence  of  the  height  on 
the  retardation  coefficient  f  which  varies  with  the  scale  of  the  experiment.  Spray  dome 
diameters  show  approximate  geometrical  scaling  for  charges  of  different  weights  fired  at 
the  same  hg  • 

To  simulsie  the  shock  wave  and  the  resulting  slick,  crack,  and  spray  dome  phenomena 
of  an  underwatoi'  nuclear  burst  with  HE,  the 'shock  v/ave  peak  pressure  equivalence  factor 
must  also  be  taken  Into  account.  For  example:  Assume  that  a  30-kt  nuclear  detonation  at 
a  depth  of  1,000  feet  Is  the  prototype.  Since  20-kt  of  TNT  would  produce  the  same  peak 
pressure  at  a  given  distance  aa  the  30-kt  nuclear  device  (Reference  10),  the  reduced  depth 

In  terms  of  pounds  of  TNT  is  1,000/ (40, flPO, 000)'^*,  or  2.92  ft/lb*'’.  This  procedure  is 
valid  for  shock  wave  peak  pressure  simllUttde  only  and  Is  not.a  general  method. 

For  the  comparison  of  different  nucloat  Ixirsts,  geometrical  scaling  of  the  Hp-th  of  burst 
will  be  indicated  as  follows: 


yl/J 


(1.14) 


Where:  =  reduced  clmrgo  dC-pSh  for  nucliutr  be.rsts,  ft/kt*^’ 

If  a  charge  is  cxplrdod  in  t/kfUwf  water,  on  or  off  the  bottor.i,  the  depth  oi  water  as  well 
as  the  charge  depth  sauuld  oe.  scaled  geemetriu  Ily  in  order  to  obtain  geom.  trical  simlll'ude 
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of  sliock  \v:ivu  effects.  However,  the  free  surface  an>l  hottom  produce  various  .ompliealini; 
effects  o:>  the  shock  wave  (Reletcnce  10),  whien  m.ny  not  scale  noomelrically,  particularly 
•It  jtreat  dista-'icos.  li  a  ch-arge  is  tired  o.u  a  rigid  '.'ottont  that  acts  as  a  perfect  rcfiecter, 
tile  shuck  ».ive  effects  close  to  tile  eliurgu  siiuuld  t)e  liie  saute  as  tlioso  produced  by  u  charge 
with  dixiltle  the  energy  fired  in  free  water.  In  practice,  the  amount  of  reflection  depends 
on  the  nat-.-e  of  tiie  linttom  and  is  never  eumpletu  (Heference  20). 

fvquatiun  !i.4  wao  derived  on  the  assumption  that  the  underwater  shock  wave  a.iderg..js 
eomplete  relleciiun,  as  a  negative  wave,  at  Uiu  surfacu  of  the  water.  In  reuliiy,  a  snock 
wave  is  transmitted  to  the  air.  However,  the  assumption  of  comyisto  reflection  is  generally 
a  good  one  for  shots  at  a  greater  than  2,0  ft/lb*'^.  Tlio  relative  magnitudes  cf  the  shock 
waves  ari>  given  appro.tlmaioly  by  the  following  expression,  which  appllcr.  i.j  neaustic  (low- 
amplitude)  w.aves  (Reference  9): 


^nw  Pw  ^w 

Where:  P„  >  peak  ovorpi  tssure  In  the  jliock  wave,  psi 
p  -  ambient  dor,.  ,  ■;:ugi/ft’ 

C  -  ambient  spccti  of  s>iund,  ft/sce 

suliscripts  a  and  w  rafci'  to  air  and  ■••.■•ta'-  respectively. 


For  example.'  a  TNI'  explosion  at  a  Xf.  of  2.0  ft/lb*'’  generates  an  underwater  shuck 
wave  whoso  (xiak  prcs.surc  drops  to  10,000  psi  when  it  reaches  surf.ace  zero.  Equation  1.15 
Indicatee  that  the  shock  wave  transmittod  to  tho  air  would  have  a  pcalt  pressure  of  about  3 
psi. 

As  the  air  shock  wave  propagates  upward  and  outward,  a  negative,  or  rarefaction,  phase 
duvetops  behind  tho  compression  wave.  The  drop  In  air  pressure  that  occurs  during  the 
pussuge  of  the  rarefaction  phase  results  tn  adiabatic  cooling  and  possibly  the  .orinatton  ot 
a  condensation  cloud.  This  phenomenon  is  generally  considered  to  be  of  socond.iry  Impor¬ 
tance.  However,  it  may  ol.'scure  part  of  the  plume  phenomena  of  interest,  as  during  Shot 
Qaker  (Reference  21),  or  it  may  provide  8om.>  indirect  information  concerning  the  strength 
of  the  air  shock  wave,  as  in  Operation  Wigwam  (Reference  6). 


1.4.2  Mass-Motion  Effecta— Deep  Bursts.  After  th«  primary  shock  w.avo  Is  nmlttpi!  liy 
a  deep  underv.'ator  explosion,  th.  i  highly  compressed  gaseous  sphere  of  explosion  products 
pushes  the  surrounding  w-itor  oalward  radially  at  a  high  velocity.  Tho  water  is  accolerateu 
outward  until  the  gas  pressure  drops  to  the  level  of  tho  hydrostatic  pressure.  However, 
the  motion  continues  because  of  tlie  Inertia  of  tho  water,  and  the  bubble  expands  until  th: 
pressure  excess  In  tho  water  brings  it  to  a  stop.  At  this  stage,  the  gas  pressure  is  much 
lower  than  hydrostatic  prnsoiire  .and  the  bubble  contracts.  It  reaches  a  minimum  size,  at 
which  an  abrupt  reversal  of  the  motion  occurs  and  a  pressure  pulse  is  emitted  (first  bubble 
pulse).  The  bubble  continues  to  oscillate  and  inignates  toward  the  surface. 

For  the  purpo.ses  of  lids  report,  "deep”  bursts  will  be  defined  as  explosions  at  a  great 
enough  dep'dt  so  that  the  bubble  completes  at  least  one  oscillation  before  it  'nreaks  through 
the  surface.  An  expiusioii  :hal  is  so  d  op  thul  tiie  bubble  breaks  up  or  loses  its  identity 
before  reacliing  the  surface  will  bo  called  a  “very  deep"  burst.  Only  bursts  that  are  far 
enough  frem  the  bottom  So  Utat  the  bottom  e.xerts  no  influence  on  tho  bubble  will  be  o.>.i- 
sidered  in  this  section.  However,  the  effect  of  tlio  wa^^j:  surface  will  be  included. 

In  its  first  expansion,  the  gas  bubble  formed  by  a  TNT  e.xploslon  grows  to  the  maximum 
radius  indicated  by  the  following  equation  (Reference  10): 
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^ni0t  =  i=-e7'n5-  <1-16) 

Where:  '  maximum  bubble  radius,  root 

7.  »  total  hydrostatic  pressure  at  depth  of  burst,  feet  of  water 

The  period  of  the  first  p>.  lation,  front  detonation  time  until  Uic  minimum  radius  is 
attained,  is  (^von  for  TNT  by  (Reference  18): 

T.  -  4.35  (1  "0.10  )  (1.17) 

Z»/«  e 

Whom:  T|  >  first  bubble  period,  seconds' 

ffhe  last  term  In  the  equation  is  a  correction  for  the  effect  of  the  water 
surface.) 

The  water  surro  ''ng  the  explosion  Is  set  into  motion  by  the  pulsation  and  migration 
of  the  bubble.  In  the  -irviu  of  mlKratlou,  incompressible  radial  flow  may  be  33s;imed, 
which  implies  that  wal  tr  velocities  dearoase  invnrsoly  with  the  square  of  the  distance  from 
the  center  of  tl,u  bubble,  ll.t^ercr,  Alteu  tlie  os.' illaittin  bubuie  uilri'afus  u^.'usi'd,  tlie  flow 
of  the  water  becomes  mure  complex  end  <r  not  fully  understood. 

Ob.acrvatlona  hove  shown  that  the  first  c.'qmrjilon  of  a  migrating  bubble  Is  untfon;:  Is  all 
dlrectlc  .i  and  results  In  a  negligible  displacement  of  the  bubble  center.  However,,  because 
of  ths  difference  between  the  hydrostatic  pressures  at  the  top  and  bottom  of  the  expanded 
Irtbble,  the  bubble  collapse  la  not  symmetrical;  the  bottom  part  moves  In  faster  than  the 
sides,  and  the  aides  move  faster  than  the  top  (Reference  12).  The  bottom  may  Impinge 
upon  the  top  and  penetrate  the  water  above  the  bubble  In  the  form  of  a  Jet.  At  this  stage, 
the  bubble  has  the  shape  of  a  torous,  but  It  expands  oealn  Into  a  roushlv  spherical  shape. 

During  the  collapse  and  reexsanston  phases,  the  bubble  moves  upward.  However,  the 
bottom  shows  the  greatest  upward  motion  during  the  collapse  and  the  top  moves  farthest 
during  the  expansion.  The  total  motion  of  the  bubble  occurs  during  a  relatively  brief  period 
before  and  after  the  time  of  bubble  minimum. 

The  simulation  of  the  migration  of  a  large  explosion  bubble  on  a  small  scale  Is  a  dlHIcult 
process.  A  depth  uf  burst  that  leads  to  the  formation  of  geometrically  similar  shock  wave 
effects  will  usually  not  provide  a  true  simulation  of  bubble  migration  and  the  consequent 
plume  elfects.  As  a  first  step,  ft  acems  reasonable  to  keep  the  ratio  of  the  depth  of  burst 
to  the  maximum  also  oi  the  explosion  bubole  constant  In  model  and  prototype.  This  may  lie 
expressed  as  a  "submorgunce  factor"  (Rcfconce  12). 


1(5  a.l8) 

•^max 

Where;  IJ  -  reduced  charge  depth,  or  submergence  factor,  dimensionless 

If  1^  Is  mr  .alned  constant  for  diflerent  charge  weights,  the  geometrical  vi>ii.igiir.itlcn 
of  the  bubble  and  water  up  to  the  end  of  the  tlrst  expansion  Is  reproduced.  On  the  other 
hand,  this  does  not  guarantee  th'‘.t  the  subsequent  behavior  of  the  bubble  will  be  similar  in 
model  and  prototype. 

When  -  i.  the  explosion  bubble  becomes  tangent  to  the  original  water  su.ju.,.,  It 
attains  its  maximum  size.  At  this  depth,  the  wa'ie .  layer  above  the  bubble  shouiu  not  rupture 
during  the  first  bubble  oscillation.  However,  at  somewhat  shallower  depths  rupture  will 
take  place.  Ccnsuiiucntly,  this  reference  depth  may  be  used  to  define  the  ttansltion  between 
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"shallow"  aiid  "deep"  bursts.  Since  c  =  ui  this  depth,  it  follows  from  Equation  1. 16 

tliat 

c  (c  +  33)''’  13.6  W*''’  (1.19) 

Where:  33  r  norm.al  atmospheric  pressure,  feet  of  sea  water 

Employing  a  binomial  exp.'msion,  Equation  1.19  becomes  approximately  the  following: 

c  (1  +  — •  )  =  6.69  W*'*  (1.20) 

c 

which  indicates  that  (or  large  values  of  c,  the  refurcnco  depth  becomes  proportional  to 

A  different  system  la  necessary  to  scale  the  upward  migration  of  the  bubble  during'lts 
collapse  and  subsequent  reexpanslon.  If  it  is  assumed  that  the  only  force  acting  on  the 
water  Is  gravity  and  that  the  only  resistance  to  flow  is  that  offered  by  Uiu  inertia  of  the 
water,  the  equations  of  energy  and  motion  of  tlio  bubble  may  be  put  In  dlmensiunlcsa  form 
(Reference  9).  In  order  to  'o  this,  a  characteristic  length  having  the  value  (W  /gp)*'*  Is 
employed,  where  W*  is  the  •  en'r^y  available  alter  the  emission  of  the  shock  wave. 

Since  W'  U  proportional  to  th  ^  taa":  weight  W,  and  gp  can  be  treated  as  a  constant,  the 
followini;  scaling  parameter  co  •  n  defined: 


Where:  =  reduced  charge  depth,  ft/lh*^*' 

Maintaining  the  equality  of  In  model  and  prototype  provides  similitude  of  the  pressure 
distribution  in  the  water  surrounding  vita  explosion  bubble.  Since  migration  is  directly 
dependent  on  pressure  distribution.  It  la  seen  that  migration  scales  with  W*'* .  Equation 
1.21  can  also  be  derived  from  the  Kroude  number,  since  trouae  scaling  is  valid  wiien  gruviiy 
and  inertia  are  the  only  Important  forces  (sea  Appendix).  To  obtain  this  result.  is 
usud  as  a  characteristic  length  and  Is  used  os  a  characteristic  time  (neglecting  the  surface 
effect).  In  addition,  the  acceleration  due  to  gravity  Is  assumed  to  be  the  same  in  model 
and  prototype  (References  22  and  23). 

If  the  criteria  expressed  by  Equations  1.19  and  1.21  are  combined,  the  following  result 
is  obtained  (Reference  23): 


Ine.xpandcd  form.  Equation  1.22  becomes 


(1.22) 


Cm  _  (c  *  Pa)m 
Cp  ■  (c+Pa)p 

Where:  °  atmospheric  pressure,  feet  of  water 


(1.23) 


Equation  1.23  shows  that  exact  scalhg  of  bubble  migration  is  impossible  with  mode!  tests 
condv,:ted  under  normal  atmospheric  sea  level  pressure.  Similitude  can  be  appro,3chcu, 
however,  and  several  possibilities  offer  themselves.  Enr  example,  if  charge  depths  a  n 
great,  the'cffect  of  atmospheric  pressure  becomes  negligi.ilo  and  approximate  simiUtuu,. 
may  be  attaiiiod.  Another  technique  is  to  conduct  experimental  programs  In  hlgli'amtudc 
lakes,  where  ;i;e  atmospheric  pressure  is  reduced,  alti.ough  reductions  of  only  about  30 
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percent  in  P^,,  could  be  attained  in  thia  manner,  and  the  practical  diCficiiltioa  would  Ijc 
great.  However,  the  bubble  migration  of  HE  depth  chargea  can  !»  modeled  successfully 
by  reducing  the  air  pressure  in  a  vacuum  tank  (Itcference  22).  It  is  .also  feasible  to  Increase 
the  hydrostatic  pressuru  in  a  mrxlnl  ti>st  hy  .accelerating  the  test  tank  In  this  case,  the 
accelor.it'on  is  equivalent  to  Increasing  the  magnitude  of  g;  therefore,  g  becomes  a  variable 
that  must  bo  Included  in  the  scaling  equations  (Reference  24). 

in  practice,  experimental  difficulties  .arise  in  the  modeling  of  expjos  -t  phencincna  In 
the  labo.-atory,  which  make  the  scaling  problem  more  difficult  than  indicated  above,  Thofo 
arise  from  such  causes  as  the  necessity  for  the  employmant  of  different  explosives  In  model 
.and  prototype,  the  boiling  of  water  at  very  low  pressures  In  a  vacuum  lank,  wall  effects  In 
tanks,  the  effects  of  surface  tension  in  sm^l-scaje  experiments,  and  the  like.  These  are 
discussed  in  References  22  through  24. 

The  approach  of  a  bubble  toward  the  surface  and  its  arrival  and  omoi'gcnco  produce  a 
violent  upheaval  of  the  water,  which  Is  thrown  up  and  outv/ard  os  plumes.  The  upward 
migration  of  .an  explosion  bubble  from  the  time  of  detonation  until  the  second  maximum  may 
bo  estimated  wltli  the  following  expression  (Reference  2.2}: 


3/2 


(1.24) 


Most  of  (he  useful  •'.♦"dies  of  the  plume  phenomena  dm,|/  bursts  have  Iwen  conductnd 
with  charges  wolghlcg  SoO  p,  uiids.  On  the  basl.t  of  these  test^ .  ■••‘'n  ci-nsslfiod 

us  vortical  and  radial,  the  r.idial  plumes  Inuuidlng  those  emerging  ai  any  angle  '.vith  the 
surface  except  a  right  angle  (Reference  9).  In  some  cases,  a  relatively  narrow  vortical 
high'velocity  plume  is  the  first  to  emerge.  This  occurs  when  tho  migrating  bubble  collapses 
just  beneath  the  surface  and  the  rising  bottont  of  the  bubble  penetrates  the  layer  of  w.ater 
above  the  bubble  in  the  form  of  a  liquid  Jet.  Tho  depth  for  maximum  velocity  of  this  type 
of  vertical  plume  le  possibly  at  a  A j  of  1.2.  After  tho  appearance  of  the  vertical  Jet,  the 
bubble  gases  reexpand  and  push  out  a  hemispherical  mass  of  plumes  that  expand  radially 
ir<  all  directions.  At  depths  of  firing  that  aro'lntermedlate  brtwoen  those  yielding  a  narrow 
vertical  plume,  tlio  radial  plumes  produced  by  tho  oxp.wdlng  bubblo  arc  dominant. 

Since  most  cf  tho  migration  occurs  within  brief  Intervals  before  and  after  the  times  of 
bubble  minima,  tlw  times  of  plume  emergonco  tend  to  cluster  around  these  limes.  Plume 
times,  therefore.  Increase  In  a  roughly  stepwise  manner  with  increasing  charge  depth. 

If  a  burst  Is  sufficiently  deep,  the  oscillations  of  the  bubble  will  bo  damped  out  before  it 
mnche*  the  surface.  In  this  case,  the  bubble  may  float  upward  at  a  cimstant  veiuoily  :uid 
produce  relatively  small  ptumos  wNtn  It  emerges.  At  oven  greater  depths,  it  may  brook 
up  into  smaller,  bubble,';  that  nave  little  effect  at  tlM  surface.  Tho  scaled  depths  at  which 
these  phenomena  occur  have  not  been  established  with  certainty,  but  they  probably  increase 
with  Increasing  charge  weight. 

After  the  plumes  from  n  deep  underwatc  explosion  huvu  auusided,  a  smooth  circular 
c.xpandlng  pa'ch  of  water  remains.  This  appears  to  be. an  upw-elling  of  water,  induced  uy 
the  emerging  bubble.  It  has  been  tnimed  .a  “carbon  slick"  in  some  HE  studies  beuuuse  of 
tho  presence  of  carbon  In  the  patch. 

The  bubblo  formed  by  an  underwater  nuclear  burst  is  different  In  compositioti  ana  str'ctu.'c 
from  that  formed  by  a  conventional  explosion.  In  the  latter  c-ase,  a  gaseous  sphere  of  reaction 
products  Is  produced,  and  the  bubble  interface  con'^lsts  of  the  same  p.-irticlcs  during  the  first  ■ 
c.xpans.'on  phase.  A  density  discontinuity  exists  at  the  surface  of  tho  bubble. 

In  toe  case  of  a  nuclear  explosion,  the  water  orroundlug  the  buret  Is  vapor.'zi  d  and  a 
bubble  of  e.xpanding  steam  Is  formed.  Since  water  Is  continvously  vaporised  while  the  bubble 
expands,  tho  interface  Is  transferred  from  or.e  set  of  particles  to  another.  The  surface  of 
the  bubble  is  probably  not  sharply  defbied,  since  the  den.sity  of  the  moist  steam  at  the 
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interface  should  be  the  sa^ne  as  that  of  the  surrouncins  liquid  (Kefercncc  17). 

In  .Heference  17,  the  maximum  radius  of  the  bubble  formed  by  a  30-kt  nuclear  burst 
(expected  Wigwam  yield)  at  a  deptli  of  2,000  feet  (2  =  2,033  feel  of  sea  water)  w;i8  calcul.atcd 
to  1>.‘  376  tc<*t.  Assuming  '’'at  a  relationship  of  the  lorm  of  Kqitatlon  l.K,  H  also  .applipablo 
to  imeiear  explosions,  the  following  equation  is  obtained: 


Experimental  evidence  trom  Operation  Wigwam  showed  that  a  32-kt  burst,  at  a  depth  of 
2,000  feet,  had  a  first  bubble  period  of  2.87  seconds  (Refei'e'K;u  17).  If  Uiu  genet  ■!  relation- 
ship  for  nuclear  bubble  periods  is  of  the  same  form  as  Equation  1.17,  the  following  result 
ts  obtained: 

Ti  °  -  (1-0.10  ^)  .  (1.26) 


For  nuclear  bursts,  th'  'ransitlonal  depth  between  sh.'Ulow  and  deep  bursts  may  also  be 
talten  as  the  depth  at  whirl,  •  br.’.’i'.A  becomes  tangent  to  the  original  water  surface  at  the 
end  of  its  first  c.xpansion,  at  .umi>'‘  as  in  the  case  of  HE,  that  the  bubble  is  contained  (or 
at  least  one  oscillation.  Sinr':  this  transitional  depth  Is  rel.i::,'ely  with  nuclear  bursts 
the  hydrostatic  pressure  duo  ,o  the  ..tmosphere  (.13  fee.)  may  be  negl»c‘-:'' <  1.2.6. 
Setting  *  r.  In  this  modified  equation,  yields  tfto  following  result! 


0  =  240  Y'^*  (1.27) 

This  equation  serves  as  a  good  approximation  (or  yields  greater  than  1  kt. 

An  oscillating  steam  bubble  loses  energy  In  the  same  manner  as  an  oscillating  gas 
bubble',  but  also  loses  mass  because  of  the' condensation  of  vapor.  Consequently,  the 


differently  from  a  migrating  TNT  bubble  after  the  first  pulsation  has  ended. 

For  deep  c.xploslons.  Equation  1.24  may  be  used  for  the  mlgrntlu,  of  n  nuuhuir  Imbliln 
during  Us  first  oscillation.  The  subsequent  bubble  migration,  periods,  and  maximum  radii 
may  be  calculated  with  methods  given  In  Iteferonco  23. 

The  Wigwam  results  and  data  obtained  with  steam  bubbles  in  the  laboratory  indicate  lh.it 
a  nuclear  bubble  probably  exists  only  through  three  pulsations.  Reference  23  establishes 
a  depth  at  which  three  complete  bubble  cycles  are  possible  as  the  trons'tional  depth  imtwcen 
deep  and  very  deep  nuclear  explosions.  This  depth  Is  given  os: 


0  =  600  y'^* 


(1.28) 


l.a.3  Mass-Motton  Effects— Shallow  Bursts.  When  a  shallow  burst  occurs,  a  spray 
dome  is  (armed,  but  the  moss-motion  of  water  produced  by  the  expanding  bubble  g.ases 
follows  closely  behind  the  anock  front  and  t!:e  rlsh.g  dome  ts  penetrated  rapidly  by  a  wa'  - 
column.  It  Is  difficult  to  distinguish  one  effect  from  the  other  In  the  early  stages,  since 
there  Is  no  marked  discontinuity  in  the  motion. 

As  In  deeper  bursts,  the  expanding  eubblc  causes  an  upward  and  outward  acceleration 
of  the  'water  surrounding  the  explos.bn.  If  the  burst  is  shallow  enough,  the  layer  of  water 
above  the  charge  ruptures  while  the  gases  are  at  a  high  pressure  and  the  “vploslon  prclucts 
are  released  to  tlie  atmosphere.  For  these  very  shaituw  TNT  e.xplosions,  the  blowout  o" 
outward  venting  of  the  content.,  of  the  bubble  produces  a  dark  smoke  crown  that  c.xpands 
rapidly  (Reference  1).  Although  the  internal  pressure  is  reduced  by  the  biow'^ut.  the  water 
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at  lliu  sides  e!'  the  Itiildile  coiitiiiiies  to  move  outtvaial  lucaiiso  of  its  iiierti  i.  Tlie  rcstiitteU 
eaolioii  forms  a  veriietii  eoluo.ii,  wliiei’  rises  ami  iH-'iietrates  the  smoke  eriav;;.  The  eonliiried 
esptuisioii  of  the  \eater  resalis  in  mi  imderpress'ore  in  the  );asX‘S  within  the  column.  .At  this 
st.ihC,  the  risim;  w.ater  .it  the  top  of  the  eolumii  is  pushed  ini^  ird  !i>  .itniosphei  ie  oresstiie. 
.md  cimwrjteu  l'>  :i  vertical  Ihpiid  jet  that  rises  w'ell-ahove  the  smoke  crown.  The  jet 
carr'es  the  smoke  miU  spray  .it  tlie  inside  of  the  crow",  upward,  sometimes  formioj' rins 
vorte.x  in  tlv'  crown. 

If  the  water  aheve  a  shallow  e.vplosion  has  not  ruptuied  hy  the  time  *iie  litilil  le  p>t:ssure 
drops  to  atmospheric  pressure,  the  water  sl.aultl  start  io  Jecelerato,  :uid  lilowout  will  not 
occur.  .A  w.ater  colnmn  imtl  jet  will  lie  lorincd,  hut  no  smoke  crown  will  Ir*  produced.  In 
a  TNT  e.splosion  at  tiiis  condition,  the  Jot  may  h.avo  a  dark  appo.arimec,  indic.atini;  the  pres¬ 
ence  of  cai  Ism. 

It  is  clear  that  the  relationships  lietween  hulihic  pressure,  depth  of  hurst,  .ajid  atmospheric 
pressure  are  important  for  delerminiii);  the  n.aturc  of  'he  surface  phenomena  of  shallow 
underwater  hursts. 

The  adiabatic  relation  fur  tiic  gaseous  products  of  a  TNT  explosion  is  given  .is  (Reference 
9): 


Where:  1>b  «  pressure  of  vjus  in  bubble  feet  ol  sea  w.iter 
W  o  charge  weight,  pounds 
V  =  volume  of  gas  In  bubble,  ft’ 

Setting  P3  equal  to  ono  atmosphere  (33  feet  of  seu  water)  and  solving  for  bubble  radius, 
A,  yields 

A  -  1.71  W'''  (t.oOi 


If  llio  ImiIiIiIh  radluH  is  equal  to  the  depth  of  burst  (A  c),  It  follows  that 
0  =  1.71  W 


fui'  the  scaled  depth  at  wliich  bubble  pressure  is  equal  to  atmospheric  pressure  wlien  the 
bubble  gases  reach  the  original  surface  level.  On  tliis  basis,  the  ratio  of  bubble  pressure 
to  atmospheric  pressure,  when  the  bubble  g.ises  rise  above  the  original  surface,  is  constunt 
(or  all  charge  weights  at  the  same  sc.iled  depth  A^. 

The  r.idlal  growth  of  the  water  column  ptoduced  liy  a  shallow  burst  should  depend  upon 
tne  difference  between  atmospheric  pressure  and  the  pressure  inside  the  column  and  on  the 
inertia  of  the  water.  For  this  type  of  nliennmenon,  the  length  and  time  scale  factors  for 
the  motion  are  the  same  (Appondl.x).  U  the  cube  root  of  ohai-ge  weight  (W'/S)  is  ..mnioyod 
as  a  length  and  time  scale  factor,  r.-uUus-versus-timo  curves  for  the  growth  of  columns 
from  charges  .at  the  .same  goom"trioar,y-soaled  depth,  Ag,  should  agree, .if  all  r.adll  .and 
times  are  divided  by  W'^.  This  scal‘ng  method  is  siibstantiaied  by  IIB  data,  except  for 
late  times  when  the  column  bie.aks  up  into  spray. 

The  maximum  column  diameter  has  two  .  ineasurcd  o.a  a  large  numlic.  jf  tests 
using  TNT  charges  ranging  from  10  to  d,200  pounds  in  weight  (Reference  1).  It  is  a  relatively 
reproducible  dimensien,  and  is  a  function  of  W*'®  for  bursts  at  a  constant  Ag.  The.followang 
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two  show  this  deponduncii:  Kquatinn  l.n:i  is  for  explosions  at  mid-depth  and 

Kquation  1.31  in  fur  u.xplusions  on  the  bottom. 


Dmax  =  6-75 

(1.33) 

(valid  (or  a  0.26  ft/lb'^.) 

. 

Omax  -  8.01  W''7  X<j  »■'« 

;:.34) 

(valid  for  0.25  <2.22  ft/lb*'’) 

r 

Where;  =  maximum  column  diameter,  feet 

-  reduced  water  do ptli,  (or  bottom  uxplusiuii>,  It/lb’^’ 

Tiio  mechanism  of  rupture  of  the  layer  of  water  above  a  charge,  which  results  in  a  blow¬ 
out  of  detonation  products,  is  not  fully  understood.  U  this  process  scaled  geomcttically, 
blowout  would  always  occu-  at  values  of  \q  less  than  soms  critical  value.  For  HE  tests, 
the  presence  of  a  black  si  .  crown  at  early  times  is  considered  to  be  evidence  of  blow¬ 
out,  .and  photogr.aphs  of  cha>  is  weighing  up  to  UOO  pounds  show  a  possible  critical 
around  1  ft/lb*'*  (Ueferonoe  »!.  However,  'here  Is  some  evidence  that  blowout  will  only 
occur  at  smaller  values  of  A,  fi  r  lu"  ger  charges,  and  the  phenomena  In  the  >.  ■'lea'  "pth 
region  require  further  study.  A  possible  expiun.iiiv;.  for  this  is  found  in  U:.  lliuory  of  Insta¬ 
bility  (t'.ctercncc  14).  AccordliiB  to  lids  theory,  bubble  gases  will  ponotr.ato  the  layer  of  ^ 

water  alxivo  a  eharge  only  while  the  layer  Is  being  accelerated  upward.  The  rate  of  pene¬ 
tration  Is  proportional  to  the  wavelength  of  the  disturbances  In  the  layer.  The  actual  explo¬ 
sion  process  Is  doubtlessly  more  complicated  than  the  process  treated  in  this  theory, 
however,  due  to  the  presence  of  the  dome,  cavitation  effects  In  the  water,  turbulence, 
thermal  effects,  and  the  like.  In  addlltoii,  the  wavelengths  of  surface  disturbances  may  lx>  ^ 

ulo  •(UiMs  uii  ca|i2ubIu(i>  ui  uuMioiil  iiiai;iiliuuea«  Ad  a  lUduU*  liiu  ^uuuauuu  ui  iiiu 

thick  layer  of  water  above  a  largo  charge  may  take  longer,  scalcwlsc,  than  the  penetration 
of  the  thin  layer  idiove  n  small  charge  at  the  same  .\g.  If  this  occurs,  the  bubble  pressure 
In  a  large  bubble  may  drop  below  atmospheric  pressure  before  rupture  takes  place,  and 
blowout  will  be  prevented. 

Shot  Baker  In  Operation  Crossroads  was  the  only  shallow  underwater  nuclear  lest  avail¬ 
able  for  study  prior  to  Operation  Hardtack  and  has  been  used  (or  the  development  of  nurleai 
prediction  methods.  Since  a  well-developed  cauliflower  cloud  was  ohserved  during  Shot 
Baker,  it  is  believed  that  a  blnwcu'  a(  uetonation  (fissinn)  products  occurred.  Using  a 
radiochemical  yield  of  23.5  kt  and  a  depth  of  90  feet  for  Baker  gives  a  of  0.249  ft/lb'^ 
or  a  Ag  of  31.5  ft/kt'^'  .  Equation  1.33  predicts  a  of  2,440  .'cut  for  B  -ker.  The 
observed  value  was  2,030  feet,  which  Implies  that  the  Baker  TNT  equivalence,  in  terms  of 
column  formation,  was  )3.G  kt.  Accordingly,  (or  nuclear  bursts  scaled  to  Shot  Baker,  the 
following  expression  has  been  employed: 

Dmpx  =  710  Y>"  (1.351 

(valid  for  a  31.5  ft/kt*'’) 

If  the  sime  equivalence  (actor  is  valid  for  shallow  bottom  shots,  the  following  expression 
may  be  obtained  from  Equation  1.34  (or  bottom  bursts; 

p 
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“max  ^d*''** 

(valid  for  Aj  >31.5  ft/kt’'*:  .\|j  <1) 

This  equation  is  possibly  valid  for  all  shallow  depths,  as  indi'lated.  ^Uthough  Dmax 
se'es  geometrically  in  terms  of  X,  the  transition  from  shallow  to  uoep  bursts  does  uci 
occur  at  the  same  X  for  all  charge  weights. 

The  maxim,  m  overall  heights  of  the  surface  phenomena  of  shallow  bursts  scale  guo*. 
hietricaliy  in  the  same  marsier  as  maximum  column  diameters  over  the  range  of  weights 
studied  (21  to  4,200  pounds).  The  c.vprcsslons  for  the  maximum  height  of  the  .central 
liquid  Jet  are  (Reference  1): 

'’max  “  ■  (’•”) 

(valid  for  a  0.26  ft/lb'?  at  middepth) 

..  <■  «4.S  W*^  X<i  *•***  fl.381 

(vai<d  for  0.1  <  X  j  <1.1  It/lb',^  ,  bottom  shots) 

Where!  Jntax  “  J'-* 

There  is  evidence  that  smalt  Itn  charges  iirounoe  Um  liigtioal  juts  ul  a  X^  of  about  1.1 
ft/lb''* . 

The  technique  of  using  the  ratlu  of  observed  nuclear  tq.extrapolatod  TNT  values  may  also 
be  applied  to  maximum  Jet  heights  for  prediction  purposes.  However,  as  there  Is  little 
physical  basis  for  this  method,  the  resulting  equations  are  considered  to  very  approximate. 
There  was  no  central  liquid  Jet  during  Shot  Baker,  though  a  hollow  white  cylindrical  plume 
was  observed  rising  above  the  cauliflower  cloud.  Mx’dmum  Jot  heights  arc  determined  by 
initial  Jot  velocity  and  the  retardation  of  the  Jet  due  to  gravity  and  atmospheric  resistance. 
Since  the  observed  Jots  arc  often  multiple  In  nature  and  may  be  different  In  structure,  which 
leads  to  differences  in  breakup  and  retardation,  it  may  bo  purely  fortuitous  that  geometrical 
scaling  itolds  for  small  HE  charges. 

Equation  1.37  predicts  a  maximum  Jot  hoighi.  of  23,8UU  teet  for  the  Baker  condition.  The 
observed  maximum  height  of  the  wiilte  plume  vvu  8,000  feet.  Assuming  that  this  ratio  is 
generally  valid  fur  shallow  nuclear  Imrsts,  tho  .'ollowing  equations  nre  obtained: 

’’max  “  2'®°® 

(valid  (or  a  31.5  ft/kt''’) 

=  1,200  y''»  Ad  (1.40) 

(valid  for  12.0  <Ag  <139  ft/kt'^) 

1.4.4  Base  tkirge.  The  column  from  a  shallow  burst  and  the  plumes  from  a  deep  burst 
both  break  up  Into  spray  and  collapse  to  form  a  toroidal  cloud  called  the  base  surge,  which 
expands  radially  along  the  surface  of  the  wntnr.  The  surge  consists  of  spray  droplets,  with 
entrained  air  and  explosion  products,  and  behaves  Initially  In  the  same  manner  .o  ..  ^^...,0. 
homogeneous  fluid. 

In  a  .nuclear  burst,  part  of  the  radioactive  fiosion  debris  becomes  intimately  mixed  with 
the  water  droplets  in  the  visible  base  surge.  When  tlie  water  evaporates,  the  fission  products 
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romilin  :is  ;in  iiivisiblu  cloud  or  aerosol  that  continues  to  expand.  The  term  "base  Surge” 
:ip|)lius  to  liotli  the  visible  :uid  invisible  clouds, 

It  is  conveniuni  to  consider  the  surge  l)ci;avior  os  consisting  of  lhn:e  stages.  During 
tile  l'ii-.>-t.  or  gravity  fiovv,  stage,  tlie  surge  dues  nut  mix  appreciably  'Ailh  the  ambient 
ati’t-ispneie.  During  the  second,  or  mixing,  stage,  the  surge  engulfs  ambient  ,'iir  and  the 
liu't  is  gra''  lally  retarded.  In  the  final,  or  diffusion,  stage,  the  surge  his  lo.st  its  kinetic 
energy  :md  has  Iwesme  a  cloud  of  fine  droplets,  which  drifts  with  the  wind.  fh(,.-e  is 
probably  a  slow  growtli  due  to  eddy  diffusion  until  the  surge  can  no  longer  lx;  Idcr.tifiuu. 

During  the  first  stage,  the  main  forces  governing  the  surge  flow  are  gravity  and  I.icrtia 
(Reference  4).  Consequently,  ihe  motion  at  different  scales  may  be  reduced  by  tl'c  use  of 
Proude  scaling  piirameters,  in  which  the  time  scale  factor  is  equal  to  the  square  root  of 
the  length  scale  factor  (/Vppendfx).  in  shallow  explosives  work,  the  maximum  column 
dlonteter  D,^^,.  has  been  used  as  a  char.acterlstlc  length,  and  surge  radlus-versus-time 
data  h:i3  been  reduced  by  dividing  the  values  by  D,„a;j  and  the  square  root  of  D^jjj  respec¬ 
tively  (Reference  1).  Reduced  curves  for  the  base  surges  are  similar  for  charges  weighing 
from  100  to  4,200  pounds  at  depths  geonwitrically  scaled  to  Shot  Baker,  and  on  the  bottom 
at  scaled  depths  ,\j  rangli  ‘'-om  about  0.26  to  1,1  ft/lb'^’. 

Prior  to  Oporaiinn  H.-iru.  i,  <  lo  Sltot  Baker  base  surge  was  used  as  a  prototype  for 
shallow  underwater  nuclear  1  irsta,  since  scaled  HE  surge  rodlus-varsus-tlme  data  did 
nut  agree  with  the  nuclear  dat.i .  times.  Tor  other  yltluo  ajiu  litplhi.  m.Txir.-.um  cnhima 
diameter  was  predicted  witli  fcquatio**  1.35  or  )  •»'*.  The  predicted  D^,^  .d  I'v  root 

were  used  to  convert  the  scnled  Baker  surge  rndbm-tlmn  data  to  the  values  for  the  expected 
burst  conditions  (Reference  1). 

ft  was  assumed  that  the  Wigwam  surge  vviis  typical  for  deep  nuclear  bursts,  and  rough 
estim.ates  of  the  surge  d'menstons  tor  other  yields  were  mode  by  using  the  cube  root  of 
yield  as  a  linear  scale  factor. 

HE  test  data  shows  that  the  air  entrained  by  the  water  droplets  In  the  base  surge  Is 
cooled  to  the  nmhlmt  wet-hulh  temperaturn  by  the  ev.aporotlon  of  the  droplets  iRofercnco  2). 
The  surge  Is,  therefore,  cooler  and  more  humid  than  the  surroundlrg  air  and  can  bo  detected 
with  temperature-humidity  Instrumentaticn.  As  the  surge  mixes  with  the  ambient  air,  its 
temperature  and  .humidity  gradually  return  to  the  ambient  level.  The  rapidity  ot  mixing 
depends  on  the  degree  of  turbulence  In  the  base  surge  and  the  mechanically  and  thermally 
Induced  turbulence  of  the  atmosphere. 

In  HE  tests,  the  base  surges'evaporoted  In  relatively  abort  times,  ranging  from  about 
6  seconds  for  shallow  100-puund  uliuU  lu  about  30  seconds  for  .shallow  4,200-pound  shots 
(Reforence'l),  The  surges  from  deep  Oro-  pound  TNT  shots  were  brief  in  duration  .and  were 
so  tenuous  that  tliey  otten  were  not  moasurablo  on  photographs. 

The  Shot  B.akor  ha.a»  surge  was  largo  enough  to  lift  the  .ambient  air  to  its  condensation 
level,  which  r-.aiiaed  the  formation  of  new  clouds.  M  the  same  time,  rainfall  developed  in 
the  surge,  and  much  of  tlie  original  noterial  was  probably  removed  by  this  process  (Refer¬ 
ence  Jj;  The  clouds  formod  by  the  explosion  wore  visible  for  over  an  hour  after  the  shot. 

The  Wigwam  base  surge,  which  was  smaller  In  size  and  probably  less  dense,  became 
Invisible  from  the  surface  about  4  n.inutes  after  tne  shot  (Reference  6)  os  a  result  of 
evaporation  of  tho  liquid  water  droplets,  though  the  radioactivity  It  c.arrlcd  was  detcccoa 
downwind  between  H  +  13  ,md  H  +  22  minutes  (Reference  26). 

1.5  TeST  CONDITIONS 

Shot  Wal’.oo  was  a  9-kt  (vl.o  kt,  -0.5  kt)  device  firoo  at  a  depth  of  SOU  feet  m  watei  aoout 
3,000  feet  deep.  (The  yields  used  fn  this  report  arc  those  considered  most  accurato  as  ot 
6  January  1960  and  not  necessarily  those  currently  considered  as  best  estimates.}  The 
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detonation  occurred  south  of  Eniwetok  Atoll  at  1330  local  time  on  16  May  1963  at  a  p'>sltion 
about  3  nautical  miles  west  of  Site  Glenn  (tt^irin  Island).  Shot  Umlmella  was  an  8-kt  {+  2.5  kt, 

-1.5  kt)  device  fired  on  the  bottom  of  Eniwetok  lagoon  at  a  depth  of  about  150  feet.  This  deto¬ 
nation  occurred  at  1115  local  time  on  9  June  1958  at  a  |x>sii>ofi  aiiout  2  iMulicul  n’iies  north- 
northwest  of  Site  Glenn. 

Shot  Wahoo  was  In  the  category  of  deep  bursts  (Section  1.4.2).  The  Wahoo  bubble  was  expected 
to  .sclllale  once  before  breaking  through  the  surface.  Shot  Umbrella  was  a  .>liailow  ’'urat 
(Section  1.4.3). 

The  150-foot  depth  indicated  for  Shot  Umbrella  is  nominal;  tlie  e.-cact  depth  at  tne  point  of 
burst  was  possibly  148  to  149  feet.  The  bottom  surface  tvas  Irregular,  ranging  <rom  134  to 
ISO  feet  in  depth  within  3CC  feet  of  the  device  (Reference  27). 

The  meteorological  and  oceanographic  conditions  reported  for  the  two  shots  arc  summarized 
in  Tables  1.1  through  1.3. 


TABLE  1.1  SURFACE  WEATHER  OBSERVATIONS,  SHOTS  WAiiOO 
AND  UMBRELLA 


Shots: 

wahoo 

Umbrella 

Sea  level  preisure,  mb 

1,013.1 

1,010.3 

Air  temperatura,  *F 

37.5 

33.0 

Wat*bulb  *F 

77.3 

Dewpoint  temperature,  'F 

73.0 

72.0 

Relative  humidity,  percent 

63 

03 

Wind  direction,  degrees 

000 

bSO 

Wind  speed,  knots 

IS 

20 

Visibility,  miles 

10 

10 

Cumulus  clouds; 

Ainounl 

U.J 

o.u 

Base  altitude,  fe<Jt 

2.300 

2.000 

Top  ^iiltudu,  feet 

4.000 

4.000 
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KAlIKKiONOI':  AKU  lIPl’KU  WINP  DATA.  SHOTS  WAH(X)  AMD  U.MI>ltKl.l.A 


lloiRh’ 

VVln^ 

Direction 

Wind 

Speed 

Pressure 

Temperature 

Hclutive 

!tiim((li*y 

k-t't 

•J.Yrccs 

kiiutb 

mb 

•K 

{HMCk.ik 

Shot  Wahoo: 

Surface 

090 

15 

1.013 

87.5 

63 

390 

- 

- 

1,000 

79.2 

70 

l.COO 

090 

19 

• 

- 

2,G00 

(I9U 

19 

- 

. 

- 

2,953 

• 

- 

913 

66.0 

84 

3.000 

090 

17 

- 

- 

- 

4,000 

m90 

15 

- 

- 

- 

4,212 

- 

S74 

05.3 

49 

4.967 

. 

651 

C2.2 

- 

5,000 

0 

11 

- 

- 

- 

5,010 

- 

- 

BSO 

62.2 

71 

Shot  Umbrella: 

Sgrfaco 

050 

lA 

1,0 10 

8o.u  ■ 

310 

- 

• 

l.uuo 

76.1 

1,000 

050 

23 

- 

- 

2,000 

060 

::i 

- 

2.986 

- 

- 

- 

- 

1,000 

070 

21 

- 

- 

- 

4.000 

050 

22 

• 

• 

• 

4.200 

• 

- 

873 

C7.0 

CS 

4,940 

• 

• 

850 

80.6 

36 

9,000 

080 

24 

• 

• 

*• 

5.118 

- 

- 

645 

66.5 
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TABLH  l.S  OCKATIOGHAPI'IC  DATA,  SHOTS  WAHOO  AND  UMBRELLA 


Wahoo 

Umbrella 

Surface  water  temperature,  *K 

82.0 

62.0 

Surface  current  direction,  degrees 

302 

- 

Surfice  current  .peed,  .knot* 

0.46 

■ 

Surfue  .ound  velocity,  (t/aec 

5,045 

5,050 

Surface  salinity,  parts  per  thousand 

34.71 

- 

Surface  density,  slugs/ft’ 

1.98 

1.90 
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Cha'iler  2 


PHOTOOKAPHIC  PLAN 


2.1  GUIDING  PRINCIPLES 

Although  all  of  the  visible  surf.ice  phenomena  of  an  underwater  nuelear  explosion  are  ol 
scicnti.'ia  and  practleal  Interest,  the  scope  o(  Project  1.3  was  limited  by  hiidgctary  consid¬ 
erations  and  it  was  not  possible  to  measure  all  of  the  surface  effects  with  the  desired  degree 
of  precision.  Therefore,  it  was  decided  to  emphasize  *he  recording  of  the  I'isiblc  phenomena 
associated  with  Init'al  radiation  and  the  spread  of  radiuautive  contaminants.  Such  information 
Is  currently  of  vita  .portonce  in  the  development  of  naval  offensive  and  defensive  tactics. 
Together  with  radloU  .cat  data,  it  can  be  used  to  determine  the  safe  standoff  distance  for 
a  vessel  or  aircr.aft  o.'.livcring  a  nuclear  weapon;  it  .'<<ao  provides  an  estimate  of  the  size  of 
the  hazardous  area. 

In  preparation  for  the  tv.M  <Jiot8,  prcaict.i>..u  wore  made  concerr.'  the  times  of  appecr- 
:mce,  rates  of  growth,  and  maximum  sizes  of  the  expected  surface  phenomena.  The  results 
of  Operation  Wigwam  (Reference  6)  and  Shot  Raker  in  Operation  Crossroads  (Reference  21) 
were  scaled  to  the  conditions  of  Shots  Wahoo  and  Umbrulla,  respectively,  according  to 
scaling  laws  established  with  HE.  It  was  assumed  that  the  fallout  and.  base  surge  would  be 
carried  downwind  at  the  speed  of  the  wind  and  would  be  visible  up  to  30  minutes  after  each 
shot.  For  planning  purposes,  it  was  also  assumed  that  during  each  shot  the  wind  from  the 
.niirfacc  up  to  10,003  feet  would  bo  blowing  from  TS'  True  at  a  speed  uf  13  Knuts, 

Personnel  of  Project  1.3  prepared  and  submitted  a  photographic  plan,  which  Included 
udei{uutu  backup  camurus  so  that  partlul  failure  would  not  hamper  the  analysis,  and  which 
also  provided  extensive  downwind  coverage  with  overlapping  fields  of  view.  A  noordina'ed 
technical  p.hotograptUc  plan  was  then  prepared  by  b'dgerton,  Germeshousen,  and  Grinr, 

Inc.  (EGfiG)  for  Program  9,  which  h.od  the  responsibility  for  consolld.rting  the  requirements 
of  the  various  interested  projects.  This  was  done  for  the  purpose  of  eliminating  duplic.ition 
and  reducing  costs  and  effort.  ■ 

Camera  stations  were  established  at  the  Eniwetok  Proving  Ground  (EPG)  by  EC&G. 

Camera  timing  was  accomplished  with  200-cps  or  12.S'Cps  timing  dots,  clocks,  and  Inter- 
valometers.  A  radio-transmitted  fiducial  signal  was  placed  on  the  high-speed  (1,CU0  frames/ 
sec)  camera  records  to  indicate  the  actual  time  of  detonation. 

2.2  CAMERA  LOCATIONS,  SHOT  WAHOO 

For  Shot  Wahoo,  surface  camera  stations  were  established  on  Site  Glenn  (igni.n  island), 
on  two  vessels  (LCU-479  .nnd  DD-V28),  and  on  a  300-foot  tower  on  Site"  Elmer  (Parry 
Island),  Figure  2.1  shows  the  l'\:ations  of  these  stations  In  relation  to  suriacc  zero.  Two 
of  these  stations.  Site  Glenn  and  the  LCL'-479,  wore  unmanned,  while  c.imcras  at  the  other 
two  smtlons  were  manually  aimed.  Camera  and  lens  data  and  other  pertinent  d.tu  .oi  u.c 
surface  camera  stations  are  given  in  Table  3.1.  '.he  single  camera  on  Elmer  a|.,..«rently 
started  late  and  yielded  ,no  record. 

Camera  s'o.tions  were  also  located  in  four  ai.crait;  one  RB-50  and  three  C-54’s. 
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■  -tincnl  camera  data  for  Ihe  aircraft  oaa'cra  stations  is  Riven  in  Table  These  cameras 
all  nainually  aimed.  The  RB-SO  flew  .at  an  altitude  of  24,000  feet  in  a  fiRurc-8  pattern 
•>  mrf;u:e  aero.  The  throe  C-54’s  flew  at  avcr.ago  altitudes  of  1,300,  8,100,  and  10,803 


,  •  •  ,ilitia!!>  ,  Uiu>  fluH  ill  eitcles  about  suifaCu  &utO  aim  after  7  tiV  10  minUtcS  V.Vr.t  Ir.tc 
racetrack  patterns  approximately  upwind  or  crosswind  of  the  e.xpectcd  surge  drift; 

figures  ".2  through  2.5  show  the  horizontal  flight  paths  of  each  aircraft.  These  figures 
show  surface  zero  ’.yid  the  hotlzontal  plot  reference  point  (labeled  "Center  of  Ra^ar  Plot") 
as  two  distinct  points.  This  disorcpancy  apparently  was  due  to  a  change  in  the  surface  zero 
co(<rdinatcs  or  the  use  of  the  wrong  coordinates  In  setting  up  the  radar  system.  On  r iguro 
2.5,  only  the  portions  of  the  flight  path  where  the  cameras  were  facing  the  expiosinn  phe¬ 


nomena  are  shown. 

Slant>ranges  from  surface  zero  to  the  0-54 's  were  computed  by  F.O&n  from  the  horizontal 
flight  paths  and  average  altitudes,  and  are  listed  in  Tabla  2.8,  The  altitude  of  the  RB-50, 
as  computed  fiuiii  tliu  radar  tracking  data  (Brush  recorder  records),  is  given  in  Table  2.4, 
The  altitude  of  the  RB-50,  computed  from  photographs  when  the  aircr.aft  was  directly  over 
surface  zero,  using  known  distances  of  ships  in  the  target  array,  was  only  0,5  percent 
lower  than  that  computed  f  t'le  Brush  recorder  data  at  the  same  time. 

Position  information  (or  v'..  .a  in  vessels  in  the  target  array  was  supplied  by  Program 
9  (Table  2.5). 


2.3  CAMERA  LOCATIONS,  SHOT  UMBRELLA 

For  Shot  Umbrolla,  surface  camera  itatlons  were  located  on  Site  Glenn,  two  vessels 
(LCU-479  and  LCU-1123),  and  on  a  300-(oot  tower  on  Site  Elmer.  The  locations  of  these 
stations  In  relation  to  surface  zero  are  shown  In  Figure  2.6.  Except  for  that  on  Site  Elmer, 
all  surface  camera  stations  were  unmanned.  The  surface  camera  information  la  summarized 
in  Table  2.6. 

Camera  stations  were  again  located  in  four  aircraft,  which  flew  flight  paths  simitar  to 
those  on  Shot  Wahoo.  The  RB-SO  flew  at  on  altitude  of  24,000  feet  and  the  C-S4's  flew  at 
nominal  altitudes  of  1,500  feet,  9,000  feet,  and  10,000  feet.  TIw  aircraft  cameras  were  alt 
manually  aimed.  The  photogri^>hle  data  Is  given  In  Table  2.7.  Horizontal  flight  paths  are 
shown  in  Figures  2.7  through  2.10.  On  Figure  2.9,  the  times  shown  were  obtained  by  lit- 
tcrpolating  between  marks  placed  along  the  flight  path  plot  by  the  contrnller  at  1 -minute 
intervals.  Normally,  these  marks  were  used  as  only  a  rou^  Irzlicatlon  of  elapsed  time 
along  the  flight  path  and  as  a  oneck  on  the  time  marker  system.  On  th«  pR*,  however, 
comparison  with  the  timed  photographic  riuords  at  points  along  the  flight  path  showed  that 
these  marks  were  more  accurate  than  those  supplied  by  the  time  marker  generator,  which 
apparently  was  not  functioning  properly. 

Because  no  Brush  recorder  records  were  obtained  on  this  shot,  slant  ranges  for  the 
C-54’s  were  computed  from  the  nominal  altitudes  and  horizontal  flight  paths  by  EG&G 
perse::.'.':'  and  are  given  In  Table  2.8.  These  slant  ranges  were  checked,  where  possible, 
agiolnst  ranges  calculated  from  the  timed  aerial  photographs  and  were  fourd  to  agree  within 
1 1.5  percent.  Radio  altimeter  readings  were  racordud  by  a  member  of  the  UB-5U  cr»<v 
and  are  listed  in  Table  2.9.  Table  2.10  gives  the  distance  and  bearing  of  each  vessel  tn  the 
target  array  relative  to  surface  zero.  These  values  were  obtained  by  EG&G  from  a  pholu 
mosaic  t.tken  .about  30  minutes  prior  to  the  tiitie  of  the  shot. 


2.4  ACCURACY  OF  PHOTOGRAPHIC  MEASUREMEFTJ 

Nearly  all  the  analysis  'f  the  photographic  records  was  done  by  EG  LG  at  Boston,  Mass. 
T.ih!  original  data  will  be  published  separately  by  EGSiG  (Reference  28).  Pnotogrammetric 
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scales  on  the  records  were  established  by  usiiit;  the  distance  Ix-twuen  ca.xera  and  subject 
and  the  calibrated  focal  lengths  of  the  lenses.  The  camera-to-suliject  dlst:mccs  of  surface 
stations  were  obtained  from  photo  mosaics  and  surveys  and  are  accurate  to  within  i  I  per¬ 
cent.  Lens  ciJibratiuns  were  pertormed  at  tiU&U  and  are  accur.iie  to  >  0.01  percent. 

Measurements  were  made  on  tJ;s  original  films  at  ECiO  using  .  mlcrocomparator  and 
the  data  were  reduced  by  means  of  a  Burroughs  computer.  .Some  measurements  wc?  also 
made  with  a  light  table  and  a  Bausch  and  Lomb  hand  magnifier. 

Some  measurements  were  also  made  hy  Project  1.3  personnel.  At  NOL.,  ric.'isurcmcnts 
w»re  made  on  duplicate  positive  prints  of  the  3S-mm  records  using  a  Tolero.adcx,  manu¬ 
factured  by  Telecomputing  Corporation,  North  Hollywood,  Callforn'a.  /Vialtional  moasuro- 
ments  were  ubtainod  from  tracings  made  on  a  modified  Rccordak  microfilm  leader  and  from 
contact  paper  prints  of  Ute  70-mm  records.  Moviola  f'lm  viewers  were  used  .at  both  NOI.  . 
and  CGtG  for  viewing  the  3S-mm  film  .and  obtaining  arrival  times.  Neither  establishment 
had  ci^lpment  for  viewing  the  70-mm  films. 

As  the  measurements  of  surface  phenomena  involved  a  certain  .amount  of  subjective 
judgment,  spot  checks  of  the  work  done  by  EG&G  were  made  by  NOL  personnel.  In  addition, 
EGttiG  checked  sot  'f  Its  measurements  for  observer  error  by  having  more  than  one  person 
measure  the  same  p  .or.enu  ii  on  the  same  record. 

Shrinkage  of  the  oi  .gina!  .itm,  which  con  amount  to  O.S  percent,  was  neglected,  in  the 
phulogrsmnieliTu  nwaj,.  .ents.  In  a>ldiUon,  an  unduturmineu  ervuv  -v  ntt  1:  '  u<luCH.t 
making  the  duplicate  copies  ot  as.mm  fi! .'.  rA.«onla  used  for  ti-e  itKV-.uiciuuiiJA  at  NOL. 
However,  It  is  doubtful  dial  Uils  aource  of  error  was  more  serious  than  those  introduced 
by  uncertainties  In  camera  distances  and  poorly  or  Irregularly  defined  phonomoiia. 

2.5  RADAR  POSITIONING  AND  TRACKING  OF  THE  PHOTOGRAPHIC  AmCRAFT 

Positioning  and  tracking  of  the  four  photographic  aircraft  used  on  Shots  Wahoo  and  Um¬ 
brella  were  carried  out  by  Program  5  personnel.  Four  M-33  fire  enntml  tr»rkin»  rnrt»i* 
systems,  which  had  been  modified  for  poslUonlng  end  tracking  experimental  aircraft,  were 
used  to  control  the  flight  paths  and  to  obtain  aircraft  posltlon-vcrsus-tlmc  dnta.  Theso 
modified  M-13  radar  systems  have  a  range  of  about  60  miles  and  are  capable  of  providing 
posltlur.-versus-ttme  data  with  an  accuracy  of  t200  feet. 

On  .Shots  Wahoo  a.nd  Umbrella,  each  photographic  aircraft  was  tracked  by  a  separate 
radar,  which  was  locked  on  the  aircraft  to  lessen  the  possibility  of  shifting  targets.  (Radar 
beacons,  to  prevent  such  target  shifts,  were  not  provided  for  tho  aircraft,  although  they 
were  rec^ested.l  The  posltton-vrieus-tlme  data  was  recorded  in  two  different  forms;  as 
a  plot  of  tl«  horizontal  cumponent  of  the  fliglil  path  relative  to  a  preselected  reference  point 
(in  this  case,  surface  zero)  and  as  Brush  recorder  records  (obtained  on  Slot  Wahoo  only) 
of  aircraft  range,  azimuth,  and  olov.-ition  relative  to  tho  radar  van.  The  slant  range  of  the 
aircraft  from  surface  zero,  necessary  to  analyze  the  photographic  records,  could  be 
A>.mputed  from  either  or  both  sets  of  data. 

Positioning  of  the  aircraft  was  accomplished  by  means  of  the  horizontal  flight  path  plotter. 
By  noting  the  position  of  Uie  plotting  pen  relative  to  a  scaled  drawing  of  the  plam  d  flight 
pattern  on  the  plotting  board,  the  controller  for  each  aircraft  could  detect  and  correct,  by 
radio  communication,  devlatloRS  from  tho  planned  flight  path.  Trial  runs  prior  to  the  tests 
enabled  Uu  controllers  and  pilots  to  execute  die  planned  lllgiit  pattis  with  considerable  pre¬ 
cision.  Slant  ranges  to  surface  zero  obtained  from  the  horizontal  Right  piths,  Ir.’-’ 
recorder  data,  and  by  scaling  known  distances  on  '•'e  photographic  lecords,  all  •••yreed  to 
within  i  1.5  percent.  Angular  measurements  fro:n  the  same  sources  agreed  to  ±  I* .  These 
errors  were  approximately  double  on  portions  cf  the  flight  paths  where  tho  original  plotting 
scale  hod  been  reduced  in  order  to  keep  the  pen  on  the  plotting  board.  Such  portions  of  the 
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flisht  paths  are  noted  on  the  appropriate  fiipires. 


.2.0  OPKKATIONAL  AND  iniOTOGn/UiilJC  PtlOBLEMS 

Thi  teehnieal  photographic-effort  was  n  marginal  one,  because  only  limited  equipment 
anih manpower  were  available.  However,  a  considerable  amount  of  useful  data  was  obtained 
liecausc  of  .wo  fortunate  oircumst.-mces:  the  tight  cloud  cover. and  the  avoilabll't/  of  Prog: am 
i>  r.adar  equipment  and  personnel. 

The  aircraft  photograpiiy  -was  planned  on  thn  nxjKintatlon  of  more  than  50-percent  cloud 
coverage  af  low  levels  (2,000  to  4,000  feet):  therefore,  the  possibility  existed  that  only  the 
C-S4  flying  at  a  1,500-foot  altitude  would  obtain  complete  records.  In  the  event  tiiat  Uie 
plumes  penetrated  the  low  cloud  layer,  the  higher  0-54's  would  record  plume  height-versus- 
limp  d.-it.T  at  levels  .above  the  cloud  tops.  In  addition,  the  two  .ilghcr  C-54'3  and  the  HB-SO 
would  obtain  photographs  of  the  surface  only  when  they  flew  over  breaks  In  the  clouds. 

Because  only  scattered  clouds  wore  present  at  low  levels  on  both  shots,  the  three  high- 
altitude  aircraft  obtained  more  e.'rtonslvo  coverage  than  was  a-ticlpatcd.  This  was  particu¬ 
larly  fortunate,  because  ths  surface  photography  proved  to  be  inadequato  for  detormitdn),; 
the  overall  movement  of  t.  use  surge  for  more  than  about  2  minutes  on  Shot  Wahoo  and 
1  minute  on  Shot  Umbrella.  ((ua  .ilsu  furiuiiate  that  Program  p's  radar  equipment  and 
personnel  wore  available  at  .IPG- tor  pusitiunlng  and  trackin';  the  photographic  aircraft  on 
Shuts  Wahoo  and  Umbrella. 

On  Shot  Wahoo,  41  oaii.st’Ps  were  used,  seven  of  ..hieh  were  color  docu:,..,ntarlcs  and 
had  no  timing.  Two  cameras  fidlod  to  operate  and  yielded  no  records;  one  of  these  was 
the  Important  .500  frames/soc  Fastox  in  the  RR-SO.  Timing  failed  on  one  record;  one 
camera  started  late;  and  the  four  70-mm  cameras  located  in  the  aircraft  were  not  cleared 
of  the  fogged  leader,  which  resulted  in  thu  loss  of  the  first  1  to  l'/]  -.ninuUis  of  these  records. 

On  Shot  Umbrella,  4(1  cameras  were  used,  seven  of  which  contdned  color  film  and  had  no 
timing.  Only  one  camera  failed  to  operate.  One  record  contained  no  timing;  on  anotlier 
rassrd,  the  timing  duts  appeared  only  intermittently  aluig  lira  edge  of  lira  iilin.  Twu  uomerus 
started  into,  individual  rocords  were  niso  besot  by  such  problems  as  poor  resolution, 
distortion,  erratic  camera  speed,  a,id  shutter  malfunction.  For  example,  thu  Imufos  on 
films  52265  and  52281,  which  were  to  bo  used  for  mcasiirl.ag  the  downwind  notion  c(  the 
base  surge,  were  su  distorted  that  t!'»y  w-oru  nut  measurable.  The  reason  for  this  h.vs  not 
been  determined. 

Probably  the  gi-cutest  photogrammutric  problem  encountnred  In  the  analysis  of  the  Hard¬ 
tack  data  arose  in  efforts  to  determine  detailed  base  surge  contours.  Ti-Js  proved  to  be 
impossible  with  the  limited  surface  photo>;raphv  and  the  only  photographs  possibly  suitable 


for  this  purpose  were  the  70-mm  Maurer  rocords  obtained  on  the  aircraft.  However,  these 
did  not  provide  continuous  coverage  of  the  entire  surge  clouds,  and  the  distortion  of  shapes 
cn  most  of  the  available  prints  made  it  lm;,.racllcuble  to  attempt  to  rectify  the  images  by 
conventional  methods.  As  stated  in  Sections  3.6  and  4.6,  it  was  decided  to  measure  only 
the  maximum  surge  diameter  as  seen  from  the  photographic  aircraft  because  of  the  effort 
required  to  obtain  complete  '•ontours,  A  few  contours  were  obtained  from  the  RB-50  records 
on  both  shots  when  the  aircraft  was  directly  above  Hi ;  .surge. 

The  contours  ore  of  particular  importance  in  the  ;malyais  of  radiological  data.  Since  a 
base  surge  is  usually  extremely  Irrogu’ar,  the  time  of  .'irriv.al  at  a  station  cannot  be  obtained 
accurately  without  detailed  knowledge  of  its  shape.  (It  would  be  desirable  in  future  testr.  to 
have  most  of  the  photographic  aircraft,  spaesr;  a  lew  minutes  apart,  fly  flgurc-8  pattcios 
directly  above  the  base  surge.  With  cameras  aimed  vevt.-.ally  downward,  the  <>i'rge,  Ou : 
also  the  faliout  and  foam  patch,  could  be  accurately  mapped.  An  aircraft  at  a  safe  distance 
but  at  a  low  altitude,  such  as  1,500  feet,  would  also  be  .‘eeded  to  act  as  a  g3;ieral  backup 
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and  provide  details  not  visible  from  surface  camera  stations.) 

Another  photogrammotric  problem  arose  in  the  analysis  of  photographic  records  obtained 
on  floating  platforms.  Un  these  .crords,  nearly  every  frame  required  a  cor'‘cction  for 
vu..iura  lilt  .and  horizontal  shifting  ot  tne  optic  a.\i3^  In  some  coses,  fL'xd  reference  points 
v\'ern  ohnenred  b*’  the  explosion  pticnoniona,  and  quantitative  measurements  could  not  be 
obta'.oed  Ly:cajcc  the  motion  of  the  c.imera  was  not  known.  (Isl.uid  iit;ilii)ns  should  bn  utilized 
to  the  maximum  possible  cxtc,.t  in  future  work  of  this  nature.  The  data  r.'om  tlt.i'  \  fixed 
stations  can  be  analyzed  quickly  and  con  serve  as  checks  on  the  less  accurate  results  obtained 
from  floatlp,;,  or  airborne  stations.) 

On  Operation  Hardta:k,  on  ideal  site. for  an  island  camera  station  (Site  Keith)  was  p.as8nd 
up  on  Shot  Wahoo  in  favor' of  a  moored  barge,  because  the  barge  station  could  bo  used  again 
on  Shot  Umbrella.  Although  this  probably  reduced  costs  in  the  field,  it  Increased  the  cost 
and.  effort  in  the  analysts. 

The  color  documentaries  would  have  proved  more  valuable  if  timing  hod  been  provided , 
since  some  phenomena  were  more  distinctly  seen  on  these  records  than  or.  the  black-and- 
white  photographs. 

It  would  also  SC'  •'  desirable  to  utilize  F-56  cameras  at  the  surface  stations.  These 
proved  to  be  Invalu..  on  Tp-iratlon  tVIgwam.  They  are  not  only  useful  for  measuring 
relatively  slow  phcnoi  .ena,  .'uch  as  the  base  surge,  but,  because  of  their  a.vcolleiit  icsolu- 
tlon,  are  helpful  In  osta'  Mshlog  namura  dlstnitcns  and  i„)ftltionS  nf  •irwAt  vos'tls.  T.hcy 
are  also  useful  for  raotablisning  times  on  Interrupted  record*. 

The  70-mm  camcr-aa,  used  In  Operation  llardluck  ui-u  binuliur  and  lighter  tiumthu  F-£C, 
making  them  mere  rultahle  for  use  In  aircraft.  However,  the  F-S6  records  are  much  more 
readily  onalj  tid. 

It  sliould  lY  pointed  uut  that  the  70-mm  cameras  had  not  been  fully  tested  and  evaluated 
prior  to  their  ur*  vi  Operation  Hardtack.  The  lock  of  experience  with  those  cameras 
probably  accounts  .’or  the  failure  of  personnel  to  clear  the  loader  on  the  four  aircraft  .Maarurs 
used  on  Shot  Wahoo.  The  shutter  malfunction  on  the  RB-SO  Maurer  on  Shot  Umbrella  or-l 
the  distortion  ot  phenomena  on  the  surface  Hulehers,  which  were  aimed  downwind  of  surface 
zero,  could  probably  have  been  avoided  If  operating  persomiul  had  tried  these  cameras 
under  similar  conditions  prior  to  the  tests.  In  addition,  the  70-mm  records  showed  evidence 
of  film  slippage,  a  result  that  gu*at)y  reduces  ths  value  of  the  cameras  fo”  technical 
photography. 

In  general,  the  best  results  were  obtained  with  cameras  that  had  a  prior  history  of 
successful  technical  use.  It  Is  essential  that  all  now  techniques  and  cameras  bo  fully 
ovalualed  and  tried  under  field  conditions  before  their  employment  on  any  experiment 
as  unique  as  a  iiucloor  test. 
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TAni.t:  2.2  AlUCRAPT  CAMERA  DATA.  SHOT  WAHOO 


TAHLK  '-M  AI.TITI;DK  OK  fUl-iiU,  SHOT  WAHOO 

Time  is  ri‘fvrviK.’t‘4l  (lom  7cro  lime,  AUIlu(L*s  coni|mlcd  fiDiti 

nrushi*ec«r«lci*4l.Ua.  _  _  _ 

Tin*  *  *  _ TiV.c  7it».e _ 

mm  amt  ,*>^0  li*el  Hilo  svim  ic*4't  inin  anO  see  feet 


’lime 

24.250 

7:20 

24,050 

15:40 

0:10 

24.070 

7:40 

24,150  . 

16:00 

0:20 

21.030 

8:00 

23,840 

16:20 

u:30 

24.160 

3:20 

2:i,9S0 

16:40 

0:40 

24.170 

8:40 

23,640 

17:00 

0:.i0 

24.180 

9:00 

23,750 

17:20 

1:00 

23.080 

9:20 

23,821 

17:40 

1:20 

24.0<?0 

9:40 

33,650 

18:00 

1:40 

23.810 

10:00 

23,800 

18:20 

2:00 

23,830 

10:20 

23,680 

18:40 

2:20 

24.210 

10:40 

24.030 

19:03 

2:40 

23.940 

11:00 

23.750 

19:20 

3:00 

23.930 

U;20 

22,930 

19:40 

.1:20 

L.l  4  m 

llHO 

24. ISO 

20:00 

:i:40 

.':  .30 

12:00 

24,170 

!:i:0 

':■.  (0 

12.23 

.U.1.10 

4:20 

12  *.* 

-*4.390 

4:40 

23.730 

1J;0U 

24.060 

3:00 

3.1.8.50 

13:20 

24.230 

5:20 

ii.oso 

13:40 

24.120 

3:40 

34.075 

-  14:00 

24, OC 

6:00 

24.080 

14:20 

24,080 

6:20 

23,970 

U:40 

24,080 

6:40 

23.980 

15:00 

24,030 

7:00 

94J5A 

15:20 

*98  inA 

TABLE  2.5 

TABCKT  AHKAV 

SHOT  WAHOO 

V.tiel 

Di.ianc.  (rom 
Surface  Zero  • 

OearInK  Iron. 
Surface  Zcio 

Heaillng 

• 

feet 

FC-2 

2.348 

25“  ’5'  ■ 

208*  30' 

DD-474 

2.915 

245*  "4' 

249“  30* 

DD<S92 

4,833 

250*  45' 

329*  00* 

DD-59J 

8.887 

24S’  56' 

242*  00' 

YC-l 

3.413 

31*  38' 

. 

YC-2 

1.915 

29*  58' 

- 

Zero  Dji4;o 

674 

244*  01' 

- 

YC*4 

2.0M 

251*  15* 

- 

YC-5 

4.337 

251*  01' 

- 

YC-6 

6,250 

248*  52* 

- 

YC-7 

7.643 

247*  39' 

- 

YC-8 

10.108 

2!s*  02* 

- 

YC*9 

9,893 

219*  52' 

- 

*  Distance  is  measured  trom  thv  Zero  Buoy  to  the  amid* 

dMpa  centarilne  of  each  vessel. 
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T.UtLC  2.6  SUKKACE  CAMERA  CaTA.  SHOT  UMBRELLA 
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•  ;.ar  Ymto  TIi.u*  iS2T»  Is  ilie  time  oi  apfKnranec  c4  vSsiUc  Mirfuc*.  effects.  I  Holmes  ssj  N^ncr  coerdmatos.  J  Norrinal  fr.ime  rate  tresM  *m  inter. a  oimter 
t  i'.trefi  heci'S  indicstc  nominal  focal  lcni:;th. 


TABLt:  2.7  AIRCRAFT  CAMERA  DATA,  SHOT  UMBRELI^A 
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t  Parunlhcbcs  indicate  ■'omlnad  fecal  lengvh. 


TAIU.K  2.9  H.\I)K)  ALTI.MKTKU  KKAI)IKLl^  KUU  «.>-9u.  . 

SHOT  UMUHKI.l,A 


Time  is  rofm~tfncoJ  fmm  r:idlo  ycro  Hir.o, 


'  Tin*..' 

ssitiiuin* 

Tilin’ 

nn'l  icc 

feet 

mtn  an'i  sec 

fA-vt 

-1:00 

24.400 

5:30 

23.425 

-  50 

21. DUO 

G.-OO 

23.525 

-:-»0 

24.5Si> 

0:30 

2J.y25 

-;30 

24.350 

7:00 

23,475 

-:20 

21.225 

7:30 

23.375 

-;10 

24,375 

8:00 

23.450 

Zero  Time 

■  24.100 

8:30 

23.525 

:10 

24.450 

9:00 

23.475 

:20 

24.425 

9:30 

23  .-200 

:30 

24.:.50 

10:00 

23.400 

:40 

24.270 

11:00 

23,500 

:50 

24.200 

11:30 

23,475 

1:00 

24.100 

12:00 

23,550 

1:10 

2.3  -‘V 

12:30 

.  23,375 

1:20 

23.. 

13:00 

23,575 

1:30 

2.1.77ri 

13:30 

23,600 

1:10 

23,700 

•  14:00 

23  .KM 

1:S0 

23,72''' 

11:30 

23.050 

2:00 

23,875 

15:00 

'••s  ,1/2.1 

2:13 

23.050 

15:30 

23.450 

2:30 

23,923 

10:00 

23,625 

2:43 

23,850 

16:30 

,  23.523 

3:00 

23.030 

17:00 

23.525 

3;1S 

23,875 

17:30 

23.073 

3:30 

23,300 

18:00 

2.1,423 

9.1  100 

U'lO 

23,325 

4:00 

23,200 

19:00 

23,375 

4:30 

23.2;S 

19:30 

23,325 

5;0t) 

23.473 

20:00 

23.J2S 

TABI.e  2.10  TAllGET  ARRAY,  SHOT  UMDREI.LA 


Vc88el 

Dtst.v.cc  from 
SirfaJcZcro* 

iKMiin^  from 
^ Surface  Zero 

Headinit 

feet 

EC-2 

1,680 

158*  01' 

80*  56' 

YFNB-12 

2,340 

68*  05' 

70*  08' 

DD-474 

1,892 

245*  41' 

255*  06' 

DO-S92 

2,969 

248*  27' 

334*  23' 

DD-593 

7,823 

249*  12' 

242*  37' 

W-biTge 

1,669 

262*  12* 

- 

21-barge 

2,070 

237*  57' 

- 

45-sklf( 

4.739 

24e*  40' 

- 

SS-barge 

5.VU4 

251*  19' 

- 

05-sVif( 

7.015 

250*  20' 

- 

lOO-skilf 

10,056 

248*  28' 

Skill 

11,468 

246*  37' 

-  ’ 

*  Distance  la  measured  from  the  Zero  buoy  to  the  amid¬ 
ships  centerline  nf  each  vessel. 
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Horizontal  flight  path  of  RB-50,  24,000--foot  altitude.  Shot  Wahoo. 
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V'Js'are  2.5  Horizontal  flight  path  of  C-54,  10,600-foot  altitude,  Shot  Wahoo 
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Figure  2.7  Horizontal  tllght  path  of 


:atitude;  Si-  Ombrella, 
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Ch.’iptor  :t 


RESULTS  OF  I'HOTOGHAPHY,  SHOT  WAHOO 


3.1  SPREAD  OF  UNDERWATER  SHOCK  WAVES 

Viewed  from  the  air;  the  first  visible  evidence  of  Shot  Wah:-o  was  on  u;q]unding  disk  on 
tl.c  surface  of  the  water,  wnich  Indicated  the  arrival  of  the  primary  underwater  shock  wave 
(EGSiG  Films  51393,  51394,  and  S137C).  The  edge  of  the  dIsK  was  darker  than  the  surround* 
Ing  water,  and  the  expanding  darkened  zone  was  undoubtedly  the  direct  shock  wave  slick, 
similar  to  those  observed  in  Operation  Wigwam  and  In  HE  tests.  This  sliuk  was  visible 
from  tile  air  until  about  1  ind  after  surface  zero  time  fiS’/.T)  when  It  had  reached  a  radius 
of  5,500  feet.  (SZT  is  the  i.  o  ot  n.’iacarance  of  visiblu  surface  effects.)  it  could  he  ecc'n 
for  longer  limes  from  the  su  'face  camera  stations. 

The  spread  of  uii  uuderwaiMr  ihii'k  wave  along  the  water  surface  may  ue  c  “lift  J  from 
the  fallowing  expression  (Referono-.  0): 

r*  =  2cUl  +  U*t*  (3.1) 

Where;  r  ■=  distance  from  surface  zero  ,'ilong  the  water  surface,  feet 
c  c  depth  of  burst,  feet 
U  n  shock-front  propagation  velocity,  ft/sec 
t  time,  seconds 

Thu  caleulutud  spread,  based  on  a  constant  shock-front  velocity  of  5,050  ft/sec,  is  shown 
in  Figure  3.1.  Slick  measurements  obtained  from  the  RD-SO  and  the  10,000-foot  C-34  ore 
also  shown  in  the  tigure  and  range  from  1  to  a  percent  higher  than  the  calculated  values. 

This  difference  is  not  significant  and  is  probably  duo  primarily  to  measurement  difficulties. 
If  a  burst  occurs  at  an  unknown  depth.  Equation  3.1  can  bo  used  to  obtain  an  approximate 
depth,  providing  slick  measurements  are  available. 

An  expanding  while  circular  patch  was  observed  within  the  area  of  the  slick.  This  patch 
grew  at  a  slower  rote  than  the  slick  and  reached  a  maximum  radius  of  about  2,500  feet  at 
0.6  second  after  SZT.  Except  possibly  for  a  few  milliseconds  during  which  the  whiteness 
may  have  been  due  to  underwater  cavitation,  the  white  region  seen  from  the  air  may  bo 
comildered  to  be  the  primary  spray  dome  that  results  from  the  inflection  of  the  direct  shock 
wave  at  the  surface. 

The  dome  contained  a  central  area  of  spray,  which  was  entirely  whits  In  appeaioiioe  fruin 
surface  zero  to  a  radius  of  about  1,000  feet.  The  density  of  spray  then  gradually  decreased 
at  Increasing  distances  and,  near  the  outer  edges,  the  whiteness  appeared  only  on  the 
crests  ot  waves.  The  periphery  of  the  dome  ’.vas  Jagged  and  poorly  defined.  Radius-versus- 
tlme  measurements  of  the  central  spray  area  and  outer  cage  ot  the  spray  dome,  as  seen 
from  the  air,  are  presented  in  Figure  3.2. 

At  about  0.5it  second  after  SZT,  slicks  were  observed  to  move  rapidly  imvard  and  outward 
from  a  radius  of  about  2,100  feet.  Following  the  passage  of  the  slicks,  a  white  annulus  of 
spray  was  formed  surrounding  the  primary  dome.  This  spray  was  produced  by  a  pressure 
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pulse  that  was  generated  by  the  collapse  of  the  envitatcd  region  beneath  the  surface. 
Measurements  of  the  cavltatlcn  pulse  spray  ring  are  inciudeii  iii  3.2.  me  suuoen 

expansion  of  the  central  dense  spray  region  at  0.52  second  is  not  understood.  It  is  pos.sibic 


that  this  was  not  associated  with  the  cavitation  [iiil.se. 

Additional  slicks  and  patches  of  spray  were  visible  in  Ihe  neighborhood  of  the  EC-2  and 
yC-2  about  1  second  .after  SZT  (Reference  29).  One  distinct  slid:  was  seen,  followed  by 
several  faint  brief  slick  passages.  The  loading  slick  expanded  imsymm.''rlcal)y,  growing 
more  rapidly  in  the  offshore  direction  than  onshore.  This  slick  was  produced  by  the  bottom- 
reflected  shock  wave;  Us  lack  of  symmetry  can  he  attributed  to  the  slope  of  liie  bottom.  It 
could  be  seen  from  the  air  to  a  radial  distance  of  alxnit  10,000  feet  from  surface  aero  but 
was  visible  to  at  least  13,000  feet  on  the  surface  camera  records  from  the  Observer  Ship  • 
at  a  distance  of  14,800  feet  from  surface  zero.  Measurements  obtained  from  aerial  photo¬ 
graphs  are  presented  In  Figure  3.3.  The  less  distinct  slicks  were  due  to  other  reflections, 
possibly  from  strata  beneath  the  ocean  floor.  The  patches  of  spray  resulted  from  focusing 
of  the  bottom-reflected  shock  by  Irregularities  in  the  bottom  and  indicated  local  region.  oi 
high  pressure  (Reference  6). 

Two  late  slicks  vere  observed  on  documentary  color  film  taken  on  Site  Henry  by  Lookout 
Mountain  Laborato  t,M’  Film  MOF  41).  Although  no  timed  technical  photography  was 
available  from  tills  It  .itlon  a  comparison  with  cameras  on  Site  Glenn  Indicates  that  these 
slicks  appeared  at  abfit  29.7  and  30.7  suconar  after  .'"’T.  Two  slicks  arrived  at  the  EC-2 
at  about  20. u  and  31.9  X'jcok.j  (Reference  19),  Because  the  Si'u  "•>"”/  ■  n*.  ,  nru  not  pre¬ 
cise.  these  obsciwatlu.13  probably  represent  mo  same  slleks.  They  prusunl  visun]  evidence 
of  the  passage  of  the  second  and  third  of  four  pressure  puisos  reported  by  Project  1.1  as 
arriving  at  the  EC-2  between  28  and  33  seconds  after  the  burst.  These  pulse  times  Indicate 
a  possible  relation  to  the  closure  and  upwclling  of  the  cavity  at  surface  zero  after  the  primary 
plumes  collapsed  (Section  3.S).  However,  thu  relative  arrival  time  of  each  pressure  pulse 
at  the  EC-2  gages  shows  a  possible  origin  at  a  great  depth.  The  available  Information  is 
probably  not  adequate  to  identify  the  origin  of  these  pulses. 

The  appearance  of  the  slicks,  spray  dome,  and  spray  ring  Is  shown  In  Figure  3.4.  Those 
views  were  selected  from  aerial  photographs. 

A  fiducial  mark  tnaicatlng  the  time  of  dutuiiution  wus  recorded  on  the  Eastman  high-speed 
record  at  Site  Glenn  (EGfiC  Film  51337).  This  gave  an  Interval  of  77.9  msec  between  the 
detonation  and  the  first  visible  surtacu  effects.  Tlie  ogi’cenwrit  with  a  calculated  value  of 
78  msec  (Reference  17)  Is  excellent. 

A  direct  shock  wave  arrival  tim,'.  of  434  msec  at  the  EC  2  was  obtained  by  extrapolating 
Project  1.1  values  obtained  from  a  gage  string  extending  from  3U0  to  1,875  foot  In  depth 
(Reference  19).  The  flick  arrival  time  obtained  from  photographic  meusuromonts  was  372 
msec  after  SZT,  giving  a  difference  of  62  msec  between  detonation  and  the  first  visible 
surface  effects.  Since  the  Project  1,1  value  was  obtained  2,300  feet  from  surface  zero  and 
was,  tliurefure.  affected  by  environmental  conditions,  78  msHC  Is  considered  to  bo  the  most 
reliable  value  of  the  Interval  between  detonation  and  the  first  visible  surface  effects. 


j.2  AIR  SHOCK  WAVES  AND  CONDENSATION  CLOUDS 

The  first  air  shock  wave,  which  resulted  from  the  transmittal  of  a  small  fraction  of  the 
energy  of  the  primary  underwater  shock  wave  across  the  air-water  boundary,  was  visible 
on  a  few  surLace  camera  records  (EGiG  Films  51337,  51338,  51344,  and  51372)  It  could 
be  seen  tor  about  35  msec,  disappearing  first  in  the  center  .at  absv»  ’8  msec  ana  finally  at 
the  edges  near  the  water  surface.  A  peak  pressure  of  0.19  psi  was  rccoidcd  or.  Wo  EC-2 
from  tills  air  shock  wave  480  msec  after  the  burst  (Reference  29). 

The  passage  of  positive  and  negative  pressure  pulses  through  the  cumulus  cloud  layer. 
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which  extended  from  2,300  to  4,000  feet  in  altitude,  was  evidenced  by  momentary  shrinking 
and  fniurgemuni  of  the  eiouds.  This  effect  was  most  clearly  seen  on  aircralt  color  lilm 
(EG&G  Fiims  S1379,  S1383,  and  S1396).  The  compression  in  the  positive  puiscs  produced 
an  adiabatic  warming  of  the  air  at  the  cloud  level  and  a  temporary  evaporation  of  the  cloud 
droplets.  The  negative,  or  rarefaction,  pulses  led  to  adiabatic  cooling  and  a  consequent 
gi'iiwtii  of  the  droplets. 

Cloud  effects  were  noticed  at  three  distinct  times.  These  arc  indicated  in  Tstht  3.1 
conjunction  with  ,\ir  shock  wave  data.  The  times  of  observation  of  cloud  changes  depe  idcd 
on  the  distance  of  the  cloud  from  surface  zero.  Since  these  dlstatices  were  not  known,  and 
it  is  not  likely  that  the  same  clcuds  were  observed  from  different  camera  stations,  the 
observed  times  of  cloud  effects  have  little  quantitative  significance,  though  it  is  possible 
to  identify  the  origin  of  most  cloud  changes  with  confidence. 

No  condensation  cloud  was  observed  on  Shot  Wahoo,  other  than  the  enlargement  of  the 
existing  clouds.  The  greatest  reported  pressure  drop  at  the  FC-2  was  0.18  psi.  This  was 
evidently  not  large  enough  to  tower  the  ambient  temperature  to  the  dewpoint  and  bring  atxiut 
condensation  in  the  relatively  dry  air  near  sea  level. 

3.3  SPRAY  DOME 

The  Wahoo  spray  dome  was  vicihle  from  surface  camera  ji..lions  witiUn  1  to  2  msec 
after  the  appearance  of  the  air  shock  wave,  initially,  the  spray  dome  had  '.  b'.  j 

smooth  outline,  whiuii  Iwcumu  more  irregular  as  the  dome  developed.  When  kt  had  reached 
its  maximum  height  of  840  feet  at  7  seconds,  individu.al  Jets  of  spray  could  be  clearly  seen. 
Rising  above  the  main  dome  was  a  central  cluster  of  gray  jets  produced  by  rising  objects. 
The  behavior  of  these  objects  will  be  discussed  In  Sectlon  3.4.  The  appearance  of  the  spray 
dome  at  various  times  is  shown  in  Figure  3.S. 

As  the  dome  reached  its  full  size  before  plume  effects  occurred,  it  was  possible  to 
study  its  behavior  thoroughly.  Height'VersuS'time  measurements  were  made  at  surface 
zero  and  at  10P*foot  Intervals  to  the  right  and  left  of  surface  zero  on  photograph*';  records 
obtained  at  the  three  surface  camera  stations.  These  measurements  extended  to  a  dome 
radius  of  1.600  feet  but  showed  considerable  scatter  at  radii  beyond  1,000  feel.  At  1,600 
feet,  the  maximum  measured  height  of  spray  was  23  feet.  This  result  is  consistent  witii 
the  aircraft  da^.s,  wiilch  indicates  continuous  spray  to  a  radius  of  1,000  feet  and  patches 
of  spray  extending  as  far  as  2,500  feet.  Smoothed  spray  dome  helght-versu8*tlme  curves 
obtained  at  Station  940  (Site  Glenn)  are  shown  In  Figure  3.6  as  examples  of  the  type  of  data 
obtained. 

Equations  of  the  form  of  Equation  1.9  were  fitted  to  the  data  at  early  times  in  on  effort 
to  dotermlno  the  initial  dome  velocities  and  spray  retardation  factors.  To  simplify  the 
process.  Equation  1.9  was  used  in  lirtear  form,  os  follows; 

^■=V<j-ft  (3.2) 

When  spray  dome  values  are  plotted  lit  tiw  forn>  of  height/time  versus  time,  they  can  U. 
fitted  with  a  straight  line  whose  zero  intercept  is  equal  to  and  whose  slope  is  equal  to  f, 
providing  the  helght-versue>ttme  curve  <8  parabolic  (Reference  16).  In  reality,  the  height/ 
time  values  are  erratic  at  early  times  because  of  a  strong  sensitivity  to  slight  timing 
errors,  the  difficulty  In  measuring  height  at  early  times,  and  the  possible  occurrence  c- 
high  instability  (Reference  14)  velucitics  for  brief  intcr"a-.  >. 

In  practice,  a  straight  line  was  drawn  through  the  rethuced  height  data  points  over  a  time 
interval  as  close  to  zero  time  as  possible.  This  time  i..*.erval  generally  started  between 
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1  und  2  seconds  after  SZT.  At  later  times,  the  points  also  deviated  from  a  straight  line 
in  some  eases  beeause  of  variations  in  iiio  letatdaiiun  faelur,  /ui  OAuiiipie  of  tliis  tieat- 
inent  of  the  Igunn  Island  data  is  shown  in  Figure  3.7. 

Values  of  the  initial  spray  dome  velocity  at  iOO-foot  intervals  along  the  water  surface 
were  used  to  calculate  the  peak  pressures  in  the  underwater  shock  wave  on  the  basis  of 
aouation  1.4.  (It  was  assumed  hero  that  Pb  is  negligible.  This  subject  is  discussed  in 
Section  7.1.1  These  values  and  their  moans  and  standard  deviations  are  ilsred  In  Ta'uie 
3.2.  Sitice  the  Wahoo  shock  wave  had  practically  reached  acoustic  velocity  when  it  reached 
the  surface  (Roferenrn  17),  Rquation  1.4  was  rediiced  to 


p  -  Vo 
°  Cos  6 


(3.3) 


for  this  purpose. 

Figure  3.8  shows  the  moan  values  of  the  computed  peak  pressures  together  with  peak 
pressures  predicted  for  yields  of  8.5,  9,  and  10.5  kt  by  Equation  1.10  for  pressures  lc.<<<' 
than  2,500  psi  and  by  Reference  17  for  pressures  above  3,000  psi.  Peak  piossu.''es  obtained 
by  Project  1.1  are  also  shown. 

The  peak  prossi  calculated  from  initial  spray  dome  velocities  were  consistently 
higher  than  tliose  prt  •'ca  '«•  theory  for  a  9-kt  yield,  v.arying  from  I  to  7  percent  between 
radii  of  100  a.nd  400  fc  >t  (sluiu  nmges  of  510  to  640  feet)  to  about  11  to  14  percent  for  radii 
of  500  to  700  feet  (slatjt :  ?  of  707  to  369  feet).  .\r.  effort  was  mad'"  tp  me  sure  the 

smoothed  spray  dome  at  sr.rf.-.ee  zero.  ce"«istent  values  '’ouiu  however, 

because  of  the  influence  of  the  high  central  jet.  At  radii  beyond  700  feet,  the 'data  became 
increasingly  unreliable  because  of  measurement  difficulties. 

The  pressures  measured  by  Project  1.1  were  lower  than  indicated  by  theory,  in  some 
cases,  probably  hec.iuse  of  the  effect  of  refraction  at  the  distance  of  the  gages.  Since  the 
gages  were  at  depths  ranging  from  90  to  1,875  feet  below  the  EC-2,  the  presentation  in 
Figure  3.8  tends  to  slmpllty  the  actual  results.  The  spray  dome  data  indicates  that  the 
peak  pressures  at  the  surface  wen*  not  InfliicBPcd  by  rofmrtinn,  nf  lonst  to  a  slant  rnnjo 
of  860  feet. 

Tilble  3.2  includes  estimated  values  of  the  Wahoo  yield,  based  on  a  comparison  of  the 
calculated  underwater  peak  pressures  with  theoretical  values.  These  results,  and  the 
presentatlni  in  Figure  3.8,  Indicate  that  spray  dome  velocities  are  useful  (or  estimating 
the  yield  of  an  underwater  nuclear  burst,  providing  that  the  depth  of  detonation  is  known. 
Although  the  calculated  yields  average  11  kt  between  slant  ranges  of  510  and  860  feet,  the 
four  close-in  values  average  10.2  kt  and  tend  to  lie  within  the  range  of  8.3  to  10.3  kt 
Indicated  for  the  radiochumlcal  yield.  It  therefore  appears  that  yields  calculated  on  the 
basis  of  spray  dome  velocities  are  reasonable  when  they  are  obtained  relatively  close  to 
surface  zero,  for  bursts  s.milar  to. Shot  Wahoo.  It  is  to  be  expected  that,  in  general, 
yields  calculated  in  this  manner  on  field  tests  will  be  high  because  of  surface  roughness. 

Values  of  the  Wahoo  spray  dome  retardation  coefficient  f  were  selected  from  dome 
iu-l,;ht-versus-iime  uaU  in  widen  f  remained  eer.s'ant  until  the  spray  stopped  rising. 

These  values  are  shown  as  a  function  of  distance  from  surface  zero  in  Figuio  3.9.  The 
scatter  is  greater  than  the  scatter  shown  by  calculated  peak  pressures,  though  ‘h  trend 
toward  decreasing  retardation  with  Increasing  distance  from  the  center  of  the  dome  is 
clear.  This  indicates  the  presence  of  larger  dropa  ne.ar  the  edge  of  the  dome.  The  vari¬ 
ation  of  f  with  distance  for  Shot  Wahoo  can  be  expressed  as  , 


(  =  30  e'*'®’*  *■ 


(3.4) 
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The  retardation  factor,  f.  must  reach  a  lower  limit  of  le  ft/seo'  due  to  the  invariable  effect 
of  gravity.  Coiiscuuently.  Equation  3.4  is  v.alid  only  to  n  snr.ay  Hnmn  f;iHiii«  of  «3n  (ont  for 
Shot  Wahoo.  .  • 

3.4  VR/UECTORIES  OF  OBJECTS  NE.\n  SURFACE  ZERO 

Several  narrow  Jets  of  spray  roso  above  the  Wahoo  dome,  trailing  behind  obSccts  that 
were  propelled  into  the  air  when  the  underwater  shock  w,avc  arrived  at  the  surface.  With 
the  exception  of  one  black  jet,  which  was  located  in  a  cluster  of  jeUs  near  surface  zero,  all 
the  spray  jets  were  white. 

Figure  3.10  shows  the  region  In  the  vicinity  of  surface  zero  prior  to  the  time  of  detonation. 
The  Zero  Buoy  was  a  modified  Navy  telephone  buoy  about  10  feet  In  diameter.  A  steel  Army 
Trunspurtutlun  Corps  barge  section,  which  was  33  feet  in  length  .'uid  9  foet  10  inches  wide, 
was  moored  approximately  30  feet  from  the  Zero  Buq>'  and  contained  Project  1.11  electronic 
equipment  (Reference  20).  A  modified  LCM,  which  housed  tne  firing  rucks,  was  moored 
674  feet  from  the  Zero  Buoy  at  a  244*  bearing.  Small  plastic  buoys  and  a  steel  net  buoy 
supported  the  instrument  cable  that  led  to  the  device.  The  steel  buoy  was  possibly  300  feet 
from  &  irface  zero;  the  pi  a  buoys  were  at  greater  distances. 

A  wi;itu  Jut  rose  at  the  g  .itioi;  of  tlie  I.CM,  and  smaller  Jets  could  be  seen  along  the 
instrument  coble,  prob.ably  \  •luseti  uy  the  rising  plart'.i;  buovs.  The  black  Jet  In  the  cluster 
near  surface  zero  appeared  to  <  .•m:::ale  at  the  Project  ),.ll  barge. 

The  trajectories  of  three  of  the  >  fslng  objucu,  v.,  „  measured  on  Films  ‘'.33/  (Site 
Glenn)  and  51323  (I,CU-479).  Two  of  these  objects  arc  indicated  on  Figure  3.11.  Thu  tra¬ 
jectories  for  all  three  are  shown  In  Figure  3.12  and.  in  each  case,  a  parabolic  equation  of 
the  same  form  employed  for  the  spray  dome  heights  was  fitted  to  the  data.  In  all  cases, 
the  lateral  component  of  motion  was  negligible. 

The  photographic  resolution  was  not  adequate  for  the  ldontific.atlon  of  the  objects,  and 
the  estimates  of  the  points  of  origin  are  probably  not  accurate  because  of  measurement 
difficulties,  object  No,  1  appearod  tOCoUic  fruin  a  pusitiuii  between  o5  uad  110  feui  frum 
•urfaco  zero  between  bearings  of  239*  and  247*.  It  had  an  Initial  velocity  of  about  500  ft/scc. 

Object  No.  2  seemed  to  originate  100  feet  from  surface  zero  at  a  bearing  of  259’ .  It  had 
an  initial  velocity  of  about  440  ft/soc. 

Object  No.  3  possibly  originated  SO  feet  from  surface  zero  between  bearings  of  108*  .and 
190* .  Since  these  determinations  aro  very  .approximate,  it  scorns  likely  that  this  object 
came  from  the  Project  1.11  barge.  It  had  a  greater  initial  velocity  (about  577  ft/soc)  than 
the  others  but  decelerated  at  a  much  gre.ater  rate  (Figure  3.12).  its  l.atnral  motion  w.as 
about  65  ft/aec  (oward  the  southwest. 

As  seen  from  Silo  Glenn,  the  Jets  near  the  center  of  the  Wahoo  dome  appeared  to  merge 
into  a  broad  gray  Jet  that  was  about  100  feet  wide  at  1.1  seconds  after  SZT.  In  general, 
the  objects  In  the  cluster  appeared  to  originate  in  a  rogir/n  between  the  zero  buoy  and  a 
position  on  the  array  somewhat  beyond  the  Project  i,li  barge.  The  breakup  of  the  barge 
probiuiy  discolored  the  wa'.er  in  this  area.  In  addition,  the  possibility  that  some  of  the 
contents  of  the  expanding  Wahoo  bubble  were  ejected  along  the  firing  and  instrument  cable 
should  be  considered. 

Assuming  a  3-kt  yield.  Reference  17  indicates  that  the  peak  pressure  at  surface  zero 
w.'is  10,400  psi.  On  this  basis.  Equation  3.3  predicts  an  initial  spray  dome  velocity  of 
300  ft/.sec.  The  Initial  velocities  of  the  rising  objects  that  could  Ix!  measured  ranged 
between  1.5  and  1.9  times  the  expected  spr.3y  dome  velocity. 

Similar  results  have  been  observed  in  HE  tests  Ip  wh!.:;  buoys  or  drams  located  at 
surface  zero  rese  rapidly  above  the  spray  dome.  It  is  believed  that  no  study  of  this 
phenomenon  has  been  made,  but  additional  information  could  be  extracted  from  the  Wahoo 
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records  if  such  a  study  is  undertaken.  I'scful  data  could  also  be  obtained  from  the  photo* 

arnnhip  f^rv^rnMnn  WlmMom 

..  i  ...Q 


3.5  PLUMES 

The  primary  plumes  became  visible  at  the  edge  of  the  spray  dome  about  6  seconds  after 
SZr.  By  7  seconds,'  a  rapidly  expanding  mass  of  radial  plumes  was  clearly  visible,  ui'.d 
at  8  scc'-i.us,  the  plumes  liad  c.xponded  well  beyond  the  limits  of  the  dome.  Tl-.u  assemblage 
of  plumes  had  an  overall  spherical  shape  at  early  times.  At  about  12  second);,  the  vertical 
growth  had  begun  to  deceler.ito  rapidly  while  the  lator.il  .ilumes  continued  to  spread. at  an 
almost  constant  rate. 

From  then  on,  the  shape  of  the  mass  of  plumes  flattened,  and  the  plumes  gradually 
spilled  over  and  broke  up  into  spray.  A  maximum  overall  plume  height  of  about  1,600  feet 
was  reuciied  at  15  seconds  alter  SZT.  By  20  seconds,  the  lateral  plumcs.had  collapsed  on 
the  surface,  attaining  a  maximum  diameter  of  about  3,800  feet.  The  descent  of  the  to, 
surface  of  the  plumes  was  measurable  for  about  27  seconds.  Starting  at  23  seconds,  much 
of  the  spray  which  formed  in  the  plumes  spread  out  radially  along  the  surface  as  a  base 
surge. 

The  development .  u  ciui.'psc  of  the  primary  plumes  is  Illustrated  In  Figure  3.13.  A 
secondary  plume  fon..ation  (Figure  3.17)  became  vir'bie  above  the  top  of  the  collapsing 
primary  plumes  about' iC,  SCI  oncls  after  SZT.  This  formation  roac.'ied  .ii.'”  .num  height 
of  .almnt  950  feet  app'oxiin.i'.eiy  31  beconus  'Ci.or  SZT.  The  seeonda..,  plumes  were  not 
symmetrical.  Their  entire  shape  could  not  be  determined,  as  only  a  portion  of  the  top 
was  visible. 

Tile  vertical  rise  and  fall  of  the  top  of  the  Wahoo  primary  and  secondary  plumes  is 
shown  In  Figure  3.14,  as  measured  from  the  three  surface  cdiuera  statioro:.  Each  cur.'s  * 
represents  an  average  of  data  obtained  at  one  position.  Maximum  and  average  heights  .ore 
shown  for  the  primary  plumes,  since  a  relatively  small  spike  rose  above  the  bulk  of  the 
plumes,  the  maximum  values  were  ootainea  at  tne  top  ot  tnis  spike,  'tne  scatter  m  tne 
original  data  was  about  t6  percent  for  the  primary  plumes  and  i7  peroonl  for  the  aBOOiid* 
ary  plumes,  due  to  such  factors  as  the  varying  degrees  of  resolution  obtained  with  different 
cameras,  the  differences  in  appearance  from  different  stations,  small  asymmetries,  the 
Judgment  'efuired  in  the  determination  of  average  heights,  movemunl  of  piuiiies  outside  of 
the  plane  of  measurement,  and  the  like.  Such  scatter  is  normal  in  measurements  of  this 
typo  of  phenomenon,  Because  of  this  uncertainty,  the  maximum  heights  of  the  piimary  and 
secondary  plumes  on  Wahoo  should  bo  considered  to  be  1,700  feut  and  1,000  feet,  respectively, 
for  aircraft  safety  con<>idoratlona  (Chapter  8). 

Figure  3.15  shows  the  right  and  left  radial  growth  of  the  plumes,  measured  to  the  ex¬ 
tremities,  as  seen  from  the  three  surface  camera  stations.  The  curves  show  a  high  degree 
of  symmetry  and  indicatc  an  almost  linear  rate  of  lateral  growth  from  about  8  to  20  second's, 
at  which  time  the  plumes  reached  the  surface.  The  average  maximum  collapsed  pluma 
radius  was  about  1,850  feet,  with  on  extreme  measured  value  of  1,910  feet. 

The  behavior  of  the  nuclear  explosion  bubble  and  the  subsequent  formation  of  the  plume, s 
is  not  well  understood.  Equations  1.25  and  1.26  indicate  that  the  bubble  reached  a  m.xximum 
radius  of  384  feet  at  2.64  seconds  after  the  burst.  If  the  bubble  expanded  uniformly  without 
migrating  upward,  and  pushed  the  surrounding  water  outward  radially,  the  surface  above 
the  iKirst  would  be  lifted  to  a  height  about  87  feel  aiiove  its  original  level.  However,  at  the 
time  this  possibly  occurred,  the  spray  In  the  dome  had  reached  a  height  of  640  ieei  ana  a'lj 
bulk  motioii  of  the  surface  was  hidden. 

The  calculated  bubble  period  was  5.23  seconds.  Equation  1.24  Indicates  a  migration  to 
the  second  bubble  maximum  of  1,050  feet.  This  impllns  a  migration  of  about  525  feet  up  to 
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the  time  of  the  first  bubble  minimum,  which  would  place  the  bubble  cente  near  the  original 
surface  afthis  time.  Other  equations  predict  a  migration  of  915  feet  (Heference  9)  .and  916 
feet  (Heference  IS)  during  the  first  bubble  pulsation.  Although  the  latter  equations  wore 
based  i>n  K£  data  and  all  have  liiiubtlull  validity  fur  a  burst  near  the  surface,  tile  general 
result  that  the  Wahoo  bubble  migrated  to  a  position  above  the  original  surface  Is  supported 
by  the  ahsn’'C()  of  a  bubble  pulse  on  the  iinrtftrw.iter  pre.ssure  records  (Reference  15). 

When  Individual  plumes  were  traced  back  in  an  effort  to  determine  theii  orlg.i ,  a  rc'ion 
above  the  original  surface  was  indicated.  In  addition,  Figures  3.14  and  3.15  show  thrt  the 
vertical  and  lateral  components  of  plume  velocities  were  almost  constant  and  about  tlic  same 
magnitude  between  about  8  and  10  seconds  after  SZT.  The  average  velocity  of  expansion 
of  the  plumes  during  this  Interval  was  about  ICO  ft/scc.  At  later  times,  the  vertical  rate 
of  rise  was  reduced  by  gravity  and  atmospheric  drag  while  the  lateral  growth  remained 
almost  linear,  with  some  small  retardation  by  atmospheric  drag. 

The  Initial  uniform  plume  growth  is  also  sliuwn  by  the  profiles  in  Figure  3.16.  The  shape 
at  8,  9,  and  10  seconds  indicates  that  a  hemispherical  meund  of  water  was  probably  pushed 
above  the  surface  by  the  bubble.  The  rapid  expansion  of  the  bubble  within  the  mound  then 
threw  this  water  out  in  all  “'actions  with  the  same  initial  velocity.  Since  the  surface  had 
been  roughened  by  tlie  form  m  •)>  :!a  spray  dome,  the  deceleration  of  the  surface  led  to 
the  rapid  formation  of  the  lur  -.e  pl:si.>cs  that  were  observed.  This  concept  is  supported  by 
photographs  of  small-charge  icaena  in  a  vacuum  tank  ■with  I'lring  rimH'f|r,n«  s';,al'''i 
approximately  to  Shot  Wahoo  (heferexce  30).  A  'oiigh  extrapolation  biiuw,. .‘-.u  .i.eund 
of  water,  which  developed  into  the  plumes,  possibly  had  r<'  initial  diameter  of  about  l‘,000 
feet. 

The  e.xpanslon  of  the  bubble  and  outbreak  of  the  primary  plumes  generated  tm  air  shucl: 
wave.  This  was  detected  at  the  EC-2  at  7.25  seconds  and  reached  a  peek  value  of  0.215  psi 
at  8.27  seconds.  This  may  be  Interpreted  as  being  a  measurement  of  the  first  bubble  pulse. 
An  extrapolation  to  surface  zero  indicates  a  first  bubble  period  bettvoen  5  -and  6  seconds. 

It  seems  likelv  that  considerable  mixing  of  water  and  fission  products  took  olace  at  the 
time  of  bubble  collapse,  because  the  base  surge  that  developed  from  tho  plumes  '.'.'as  highly 
contaminated  (Reference  31). 

The  second.ary  plumes  are  believed  to  have  boon  caused  by  the  oscillation  of  tho  water 
surface  at  surface  zero  following  the  collapse  of  tho  primary  plumes.  Aerial  photographs 
showed  that  tho  collapse  of  the  secondary  plume  formation  contributed  material  to  the 
inte.tiur  ut  thu  surge  cloud  (EG&G  Film  51395). 

3.8  VlSIBl.E  BA.SE  SltRCE 

As  the  plumes  traveled  outward  and  downward  through  the  air  they  broke  up  into  spray, 
just  as  the  stream  from  a  firehose  breaks  up  into  small  droplets  if  it  follows  a  long  tra¬ 
jectory.  When  the  plumcu  collapsed  on  the  surface,  the  larger  drops  and  coherent  masses 
of  water  '—obably  dropped  back  into  the  ocean.  However,  tho  fine  drops  that  had  been 
formed  In  tho  plumes  remained  airborne  because  of  their  small  mass  and  continued  to  flow 
outward  radially,  as  a  result  of  the  momentum  imparted  by  the  e.vpanding  plumes.  Sl”'ii 
the  drops  entrain  air  as  they  .-nove  outward,  the  suspension  of  drops  in  air  behaves  similarly 
to  a  dense  homogeneous  fluid.  T.he  aerosol  that  spreads  out  from  the  plumes  is  called 
a  base  surge. 

The  development  of  the  Wahoo  base  surge  from  the  primary  plumes  was  a  fairly  <’on*k>*"- 
ous  process,  but  the  surge  could  be  distinguished  from  ti..*  collapsing  plut,...,  by  ‘20  seconds 
after  SZT.  The  surge  was  roughly  circular,  but  was  not  smooth  In  outline  and  showed 
several  lobes.  As  it  spread  outward  along  the  surface  the  lobe.s  separated  and  the  surge 
became  Increasingly  irregular  and  tenuous  in  appearance.  It  was  also  noted  that  the  surge 


62 

CONFIDENTIAL 


was  retarded  when  it  moved  over  a  targetwessel,  wh*oh  contributed  to  the  distortion. 
Although  patches  of  the  surge  cloud  were  faintly  visible  from  the  air  tor  possibly  minutes. 
It  was  not  possible  to  make  reliable  measurements  of  the  surge  boundaries  beyond  about 
3.5  minutes.  The  appearance  of  the  base  surge  at  various  times  is  shown  In  Figures  3.17, 

3.18,  and  3.25. 

Fight  and  left  radii  of  the  surge. in  relation  to  surface  sero  were  measured  from  the  three 
surface  c.amera  stations.  The  .average  curves  from  e.ach  station  .are  prc. anted  ‘n  Figure 

3.19.  The  original  measurements  showed  a  scatter  of  *4  percent.  Since  the  ‘lurge  was 
distorted  and  was  transported  away  from  surface  zero  by  the  wind,  the  curves' In  Figure 
3.19  do  not  show  exact  dimensions  beyond  about  30  seconds  alter  SZT.  However,  Station 
940  (Site  Glenn)  was  almost  exactly  upwind  and  Station  941  (LCU-479)  was  approximately 
crosswind  Horn  the  burst.  Consequently,  the  Station  SU  radlus-versus-tlme  curves  In 
Figure  3.19,  with  bearings  of  78*  and  258* ,  are  approximately  along  the  upwind  and  down¬ 
wind  axes  of  the  surge.  The  Station  940  curves  are  or.  the  crosswind  axis  of  the  surge. 

The  curves  shown  in  Figure  3.19  represent  the  extremities  of  the  base  surge.  They  ao 
not  nceessarily  indicate  the  correct  tlmo  of  surge  arrival  at  a  ship  or  instrument  station. 
This  could  be  olita'  '*  by  studying  the  photographs  or  by  preparing  detailed  contour  plots 
of  the  surge  as  it  ti.  led  -i.#  vnwind.  The  latter  proved  to  be  impossible  to  obtain  for  this 
report;  however,  par  lal  coi.iours  of  the  base  surge  and  foam  patch  were  obtained  from 
RB-SO  Film  51305  whet,  aircraft  was  almost  direetiy  above  she  bur"*-  Ti"».«e  are  shown 
in  Figures  3.20  throug.h  3.22  'or  the  per'-'d  .'.vom  110  through  270  n.'-.r.-:... 

In  many  places,  the  contours  In  Figures  3.20  through  3.22  are  incomplete  bceruisc  of 
obscuration  by  the  natural  clouds  in  the  area.  However,  the  irregular  nature  of  the  base 
surge  Is  cloarly  shown.  In  particular,  a  pronounced  retardation  of  the  surge  on  a  line 
downwind  of  the  DD-474  can  be  observed.  As  a  result,  two  largo  lobes  extended  downwind 
from  surface  zero  on  bearings  of  about  245*  and  285* .  Because  these  lobes  blocked  the 
view,  the  258*  uurve  in  Figure  3,19  is  nut  accurate  beyond  about  SO  seconds  after  SZT. 

Lobes  in  the  upwind  direction  obscured  tl.o  view  of  the  78*  axis,  so  that  this  curve  also  is 
unreliable. 

Measurements  of  the  upwind,  crosswind,  and  downwind  extent  of  the  Wahoo  b.ase  surge 
wore  made  cn  the  centours  in  Flmires  3.20  through  3.22.  Since  the  surface  and  1,000-foot 
winds  were  from  the  east,  upwind  and  downwind  measurements  were  made  perpendicular 
to  a  north-south  line  through  surface  zero,  and  crosswind  measurements  wore  mode 
perpendicular  to  an  east-west  lino  through  surface  zero.  All  measurements  wore  made 
to  tho  surge  extremities;  therefore,  the  contours  show  the  maximum  extent  of  the  surge. 

At  118  seconds  and  later,  the  siirgu  extended  farther  to  the  south  than  to  the  north;  thus, 
the  geometrical  center  lay  about  200  feet  south  of  the  east-west  a.\is  between  118  aixl  149 
seconds. 

In  addition,  measurements  of  both  the  drift  of  tho  geometrical  center  of  the  surge  and 
the  surge  diameter  perpendicular  to  the  optic  axis  wore  made  from  the  photographic  air* 
.-.rz't  until  204  seconds  after  SZT.  Since  tho  center  of  the  surge  was  difficult  to  locate, 
particularly  at  late  times,  the  drift  measurements  showed  considerable  scatter  and  in 
some  cases,  were  not  usable.  The  data  from  Films  51378  and  51282  appeare'*  to  be 
reasonable,  however,  and  indicated  a  drift  to  the  west  of  about  IS  loiots  between  about  70 
and  170  .seconds,  with  the  center  of  the  surge  approximately  400  feet  south  of  the  oast -west 
axis.  At  later  times,  an  apparent  drift  to  the  southwest  was  shown.  However,  this  was 
probably  a  result  of  tho  large  lobe  uxlunding  toward  tho  southwest,  as  it  seems  <'n,.h«n>l 
that  the  surge  moved  bodily  in  that  direction. 

Becai’se  of  the  limitations  of  Figure  3  19,  nil  of  the  available  measurements  and  combined 
in  Figure  3.23  to  obtain  the  best  possible  estimate  of  the  downwind,  upwind,  and  crosswind 
curves  for  the  extremities  of  the  Wahoo  base  surge.  The  downwind  curve  is  based  mainly 
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on  the  contour  mensuromunts  In  Figures  3.20  through  3.22.  At  times  up  to  30  seconds, 
the  StutlCii  O’!*  cui*^c  redius 

The  a|)proxim3tcly  upwind  curve  from  SUtion  941  is  also  shown  with  the  limi.jd  upwind 
contour  measurements.  The  latter  are  considered  to  Ixs  mure  reliable  at  late  times  than 
the  surface  camera  data,  because  the  surge  was  more  clearly  visible  from  the  air.  The 
crosswind  curve  In  Figure  3.23  from  20  to  105  seconds  after  SZT  '.vaa  obtained  by  averaging 
the  left  and  right  radii  measured  from  the  Station  940  records  (Figure  3.19)  .nnr'  correcting 
the  data  for  a  if-knot  movement  aw.iy  from  the  cameras.  Between  110  and  170  seconds, 
tho  crosswind  curve  is  based  on  co<',tour  measurements  From  173  to  240  seconds,  the 
orosswind  curve  is  an  extrapolation  based  on  a  few  contour  crosswind  moasureme’its  south 
of  the  east'West  axis. 

The  average  surge  radius  curve  shown  on  Figure  a23  is  b.ised  on  aircraft  measurements 
to  the  outer  edges  of  the  lobes.  These  values  represent  measurements  from  the  center  of 
the  base  surge.  Aircraft  mo.'suremcnts  that  were  mode  between  lobes  and  some  that  were 
doubtful  because  of  obscuration  by  clouds  were  not  used.  The  distances  between  the  aircraft 
and  the  surge  were  estimated  by  assuming  a  constant  drift  of  ...5  knots  toward  the  west.  The 
aver.Tge  aircraft-curve  is  'n  good  agreement  with  the  crosswind  data  and,  tor  practical 
purposes,  the  difference  i  cen  ‘he  .average  radius  and  crosswind  extent  is  negligible. 

It  may  be  noted  ‘.hat  the  a<  vnwtnc  leading  edge  moved  at  an  almost  constant  speed  of 
21  knots  between  IIC  seconds  ■I'wl  tho  (Inal  measurement  tlr,»  •>(  272  spconds.  The  down¬ 
wind  curve,  between  20  and  2i0  soet  nJs,  o.tn  be  obtained  By  adding  o  10-’’"ot  to 

tho  crosswind  curve.  At  later  times,  the  crosswiiid  curve  leveled  ofl,  but  .la:  rapid  down¬ 
wind  motion  continued,  probably  because  of  the  18-knot  wind  speed  at  altitudes  above  the 
surface.  It  seems  likely  that  tho  speed  of  drift  increased  as  the  surge  cloud  Increased  In 
height  and  encountered  'Mnd  speeds  stronger  than  at  the  surface.  The  trailing  upwind  edge 
of  the  surge  was  difficult  to  measure.  Its  motion  showed  evidence  of  frictional  retardation 
by  the  surface. 

Figures  3.18  and  3.20  through  3.22  show  tho  toroidal  shape  of  the  Wahoo  surge.  Measure¬ 
ments  of  the  horizontal  thickness  of  the  surge  were  made  at  some  positions  In  Figures  3.20 
through  3.22.  The  Uilckness  proved  to  be  highly  variable.  For  example,  it  ranged  between 
2,000  and  3,000  feet  on  the  33S*  iucls  and  betweun  1,300  and  2,000  feet  on  the  285’  axis. 

Figure  3.24  shows  the  maximum  height  of  tho  base  surge  as  seen  from  tho  surface  camera 
stall  ns.  Although  the  surge  appeared  about  20  seconds  after  SZT,  the  curves  start  at  about 
40  seconds  because  it  was  not  possible  to  determine  realistic  surge  heights  until  the  surge 
had  moved  outward  and  could  be  clearly  distinguished  from  the  collapsing  plumes.  The 
height  data  from  any  ■‘tne  station  showed  siiiitter  as  great  os  17  percent,  due  In  part  to 
measurement  difficulties  at  l.tte  times.  When  the  highest  part  of  the  surge  became  Indistinct 
and  evapor.nted,  the  measurement  was  shifted  to  tho  next  highest  lobe.  The  disagreement 
betwven  the  three  curves  In  Figure  3.24  probably  results  trom  the  measurement  of  the  highest 
point,  as  seen  ftem  each  camera  station.  No  effort  was  made  to  correct  these  values  for 
distance  from  the  object  planes  through  surface  zero.  For  e.xample,  an  error  as  great 
as  40  percent  could  have  occurred  al  110  seconds  from  this  cause. 

The  curves  Indicate  that  the  surge  top  rose  raphlly  at  first,  at  about  an  average  rase  of 
15  ft/sec  between  45  ?',td  80  seconds.  Between  80  and  140  seconds,  tne  height  i:b.".uated 
between  1,100  and  1,400  feet.  The  measurements  after  140  seconds  are  unreliable  because 
of  the  tenuous  nature  of  the  surge  at  these  late  times.  In  particular,  tho  rapid  decrease  In 
height  shown  by  the  Station  941  curve  is  not  believed  to  be  realistic. 


64 

CONFIDENTIAL 


3.7  FOAM  PATCH 


After  the  plumes  had  subsided,  and.os  the  surge  eloud  dissipated  and  drifted  downwind, 
a  clearly  defined,  white,  roughly  circular  area  was  observed  at  the  location  of  surface  zero. 
This  is  referred  to  as  the  foam  patch,  and  is  shewn  in  Figures  3.18  and  3.2S.  It  is  believed 
to  result  from  a  strong,  probably  vortical,  circulation  caused  by  the  gravity  rise  of  the 
bubb  e.  Evidently,  as  was  also  observed  during  Wigwam  (flcferenee  $),  'at  upward  flow  c*’ 
water  oc.aurrcd  in  the  vicinity  of  surface  zero.  This  water  spread  out  radially  and  sank, 
resulting  in  an  accumulation  of  foam  and  debris  at  the  edge  of  the  patch,  as  Illustrated  in 

*  Figure  3. 25.  The  radial  structure  of  the  Wohoo  patch  and  the  occurrence  of  small  waves, 
which  appeared  to  originate  at  its  edge,  tend  suppor.  'o  this  hypothesis  (EO&G  Film  51335 
iU  about  140  seconds).  Tho  whiteness  of  the  patch  was  due  to  foam  produced  by  the  violent 
agitation  of  tho  water  during  the  explosion. 

The  foam  patch  expanded  slowly  and  was  measured  for  .about  16  minutes,  after  which 
tha  entire  outline  was  no  longer  discernible  on  aerial  photographs.  However,  ^c  north  .. 
edge  was  still  visible  ,'U  25  minutes,  when  one  of  tho  torgost  photographic  records  ended 
(EG&G  Film  51395) 

Contours  of  the  .  ,  patch  up  to  4.5  minutes  after  SZT  are  Included  In  Figures  3.20 

through  3.22  and  are  ^  .vwn  fur  later  times  In  Figure  3.26.  Measurements  of  the  diameters 
were  made  un  these  cir.tours  along  six  axes.  In  addition,  mtiior  diameters  were  measured 
on  tho  13-54  photographm  .•ccerde.  These  measurements  are  shown  in  ■\ur.  ,i.27.  htucause 
of  the  scatter  in  tho  data,  du';  at  least  in  part ..  tlie  fact  tliat  the  sing  r.lmid  partially 
obscured  the  foam  patch,  no  attempt  was  made  to  dr.iw  curves  through  tho  data.  However, 

*  a  definite  drift  of  the  foam  patch  t.n  tho  direction  of  tho  surface  current  is  evident  In  tho 
contours  presented  in  Figure  3.26. 

A  region  of  radlonctlvoly  contaminated  water  was  detected  on  Shot  Wahoo  by  Project  2.3 
(Reference  31).  This  project  had  five  underwater  gamma  intensity  recorders  (UW-GlTR's), 

*  four  of  which  recorded  the  passage  of  tho  contaminated  water.  These  UW-GlTR's  were 
IvMotuu  uii  cui.MleB  .utu  iiaii  a  pruuu  uepiii  of  about  6  feet.  Tiiey  wore  positioned  at  disttmees 
of  from  4,100  feet  to  8,000  feet  from  surface  zero  and  recorded  arrival  times  of  from  5  to 
15  times,  which  wore  generally  consistent  with  the  spread  of  tho  foam  patch.  It  seems 
reasonable  to  assume  that  the  region  of  contaminated  water  corresponded  to  the  foam  patch; 
however,  the  meacurements  are  insufficient  to  resolve  this  question  with  certainty. 

The  motion  of  two  of  the  ships  in  the  target  array  was  measured  on  the  contours  presented 
in  Figures  3.20  tlirough  3.22.  The  DO-474,  which  was  2,915  feet  from  surface  zero  at  a 
bearing  of  249*  30'  T  prior  to  the  shot,  w.as  found  to  be  3,200  feet  from  surface  zero  at  110 
seconds  and  3,350  feet  at  151  euunis.  No  change  in  its  bearing  was  found.  Tho  EU'2, 

2,346  feet  from  surface  zero  at  a  bearing  of  29*  13'  T  prior  to  tho  shot,  was  2,800  feet 
from  surface  zero  at  110  seconds  .and  3,050  feet  at  151  seconds.  .\  bearing  of  about  34*  T 
was  measured  during  this  time  Interval. 
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Figure  3.2  Lateral  «pri*ud  ol  spray  dome  and 
cavitation  pulse  spray  ring,  Slot  Wahoo. 


Figure  3.0  Bottom>rcflccted  shock  wave  slick.  Shot  Wahoo. 


ht  vei'sus  time  curves,  Sho<  Wahoo, 
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Figure  Peak  underwater  shock  wave  pressures,  Shot  Wahoo. 
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Figure  3.10  Buoys  and  barges  In  the  vicinity  of  surface 
r.ero  prior  to  detonation,  Shut  Wahoo.. 
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Figure  3.11  Objects  rising  above  spray  dome,  S*'"*.  Wahoo. 
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i'igurc- 3.14  Flume  height  versus  itn.u.  Shot  Wahoo. 
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1 15  Plume  radius  versus  time,  Shot  Wahoo. 
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126  SECONDS 


134  SECONDS 

FILM  NO  51395 


Figure  3.20  Base  surge  coutuurs,  Shot  Wahoo. 
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crosswind,  and  downwind.  Shot  Wahoo. 
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Figure  3.24  Maximum  base  surge  Ik*!;,  s,  Shot  V/ahco. 
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AXIS  Of  FOAV.  MTC^ 
RCCOROS  MCASUReO  WITH  7RU6  NORTH 


OK<a>« 


RESULTS  OF  I'HOTOGRARHY,  SHOT  UMDREL!  A 


4.1  SPREAD  OF  UNDERWATER  SHOCK  WAVES 

Aa  viewed  from  the  air,  the  first  evidence  of  Shot  Umbrull:  was  an  underwater  flash  of 
li^ht  rcsultlni;  from  the  detonation  of  the  device.  This  light  persisted  for  somewhat.lcss 
than  10  msec;  however,  the  exact  time  could  not  be  determined,  because  the  flash  was 
visible  on  only  one  frame  in  each  of  four  photographic  records,  all  of  which  had  a  frame 
rate  of  inn  fr.imus/aec  or  less  (EG&G  Films  S2241,  S224S,  S22S4,  and  52255), 

A  few  milliseconds  lat  an  e.xpanding  white  patch  witli  a  dark  ring  appeared,  similar 
to  tliat  observed  on  Shut  Wa.  t.  t'sv  dark  ring,  indicating  the  intersection  of  the  primary 
underwater  shock  wave  with  he  water  surf.icc,  wan  visible  to  a  r.adius  of  2,700  feet.  Us 
rate  of  spread,  as  measured  'n  .n  ti'reo  of  tne  aircraft,  together  with  the  ca'‘’''atei‘  iptead 
of  the  slick  for  a  depth  of  burst  of  'tO  feet  (tlerw.’vpa'  9)  and  the  timet  oi  .!r'<vui  ot  me 
underwater  shock  wave  measured  by  Project  1.1  (Reference  19),  is  shown  on  Figure  1.1. 
The  agreement  between  the  calculated  spread,  photographic  meajsurecaonts,  and  Project 

1.1  data  is  excellent. 

The  expanding  white  disk  followed  closely  behind  the  slick  at  early  times,  being  about 
30  feet  behind  at  0.1  second.  Initially,  the  whiteness  was  possibly  canned  by  cavitation 
beneath  the  surface,  but  the  spray  dome  undoubtedly  developed  rapidly  thereafter.  The 
liuw  lug  between  Uie  uppeuraiiue  uf  wluteneuu  uiid  Uiu  rise  uf  spruy  wus  possibly  us  great 
08  io  msec,  although  this  could  not  be  determined  accurately. 

The  lateral  growth  of  the  spray  dome  Is  shown  as  the  upper  curve  in  Figure  4.2.  As  can 
be  seen  In  Figure  4.3,  the  outer  edge  was  poorly  defined,  with  patclies  of  spray  occurring 
only  on  wave  crests.  The  density  of  the  spray  Increased  toward  the  center,  where  the 
dome  was  a  continuous  moss  of  spray,  appearing  as  a  wliite  disk  with  a  fairly  well  defined 
edge.  The  lateral  expansion  of  this  dense  central  area  is  shown  as  the  lower  curve  in 
Figure  4.2.  Both  the  central  region  and  the  outer  area  stopped  growing  at  cboat  u.b  second; 
the  radii  at  this  time  were  approxim.ttsly  '<60  feet  and  1,900  feet. 

At  approximately  0.53  second  after  SZT,  a  slick,  followed  by  the  formatic..  of  spray, 
v/as  seen  to  move  liiward  toward  surface  zero  from  a  radius  of  about  1,900  feet.  At  otout 
the  same  time  and  about  the  'same  radius,  another  slick,  lighter  In  color  than  the  surround¬ 
ing  water  but  with  a  dark  border,  moved  Outwoid  rapidly.  A  comparison  ot  u'rival  times 
of  these  oilcks  with  the  arrival  times  of  tho  cavitation  pulse  at  the  Project  1.1  underwater 
pressure  gages  showed  good  agreement,  .os  can  !■«  seen  In  Figure  4.2. 

A  dense  ring  of  spray  formed  Immediately  after  the  appearance  of  these  slicks  am.  g:  5w 
outward  briefly  to  a  maximum  radius  of  about  2,100  feet  from  surface  zero  at  0.<5  Rpmnrt. 

It  also  spread  inward  while  the  primary  Inner  dome  expanded  outwar'’  a'wg  the  su.rface. 

At  about. 1  second  mter  SZT,  these  areas  had  merged  to  form  a  continuous  white  dt  me. 

Tlie  outer  radius  decreased  to  1,900  feet  at  0.7  second  wic.  remained  fairly  static  W  th’  c.-.l 
of  the  l-seuo.td  period  of  measurement.  Tliose  rcsuU.s  cts  Included  In  Figure  4.2.  Mr-:  of 
the  original  spray  data  showed  a  scatter  of  about  5  percent  with  extreme  values  up  to  10 
percent  .ihoiit  tho  mean.  The  appearance  of  the  prima.-Y  slick,  spray  dome,  and  cavitation 
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pulsu  spray  ring,  us  seen  from  the  air,  is  shown  in  Figure  4.3. 

In  addition  to  the  primary  shock  wave  slick,  several  less  intense  slicks  radiated  from 
surface  aero  at  e.'aremoiy  high  veioeitis::.  'thc.se  first  a,.p.',.“.!  od  beyond  the  pijoi.iry  slick 
appro.ximntely  0.58  second. after  S2T  and  were  probably  caused  by  reflections  of  the  shock 
wave  front  various  strata  bcnc.ath  the  bottom  of  the  lagoon. 

radio  fiducial  mas!:.  Indicating  the  exact  instant  of  .-iati'irintion.  '.vas  rccoiuVu  on  the 
l,000-fra.me3/seo  record  taken  from  Site  Glenn  (iiG4G  Film  5220S).  k'.’.'ortur.  itely,  surface 
aero  wes  obscured  from  this  station  by  the  EC-2.  It  was,  therefore,  not  po'tsiblc  to 
determine  from  this  record  Uie  time  after  detoiiation  that  the  first  sur£i<;c  effects  were 
visible. 

A  cluster  of  flasiibulus  was  set  off  on  Uie  Zero  Barge  at  zero  time,  and  these  arc 
visible  on  some  of  the  photographic  records.  On  the  -ccords  taken  at  speeds  of  appro.'d-  • 
matoly  100  framcs/sec,  the  flash  bulbs  were  visible  one  to  two  frames  before  the  fir.st 
visible  surface  effects.  This  would  Indicate  an  interval  of  about  IS  msec  (i  5  msec) 
between  the  time  of  detonation  and  the  first  visible  surface  effects. 

'  If  it  la  assumed  that  the  burst  had  an  effective  hydrodynamic  yield  of  8  kt  multiplied  by 
a  factor  of  l.fi,  b  “oise  of  the  presence  of  the  bottom  (Reference  20),  the  time  of  arrival 
of  the  shock  wave  he  ....r^ace,  os  calculated  according  to  Reference  IT,  is  13.7  msec. 
This  calculation  is  i  .iati<'’.''.y  insensitive  to  yield  for  shallow  bursts  but  gives  a  time  that 
Is  consistent  with  the  :  'porimental  result. 


4.2  AIR  SHOCK  WAVE  AMO  CONDENSATION  CLOUDS 

The  sir  shock  wave  that  appeared  alxive  surtocc  zero  was  visible  on  two  photographic 
records  tokoii  ftum  Site  Glenn;  a  100-frame/sec  .Mituhcl  record  and  the  1,000-frame/sec 
Eastman  high  speed  record  (EGtiG  Films  5226S  and  S22S8).  Sui  face  zero  was  obscured 
on  these  records  by  the  EC-2,  so  that  only  a  portion  of  Uie  shock  wave  could  be  seen. 

This  portion,  on  the  side  of  the  dome  off  the  stern  of  the  EC-2,  was  visible  until  approxi¬ 
mately  70  msec  after  SZT. 

A  faint  light  ring,  which  indicated  the  Intersection  of  the  air  shock  w.ave  with  the  water 
surface,  was  visible  on  some  of  the  RB-SO  films  (ECliG  Films  52254,  52255,  and  52257). 
Ttds  ring  appeared  dark  when  viewed  from  the  C-S4’s.  It  moved  radially  outward  from 
surface  zero  and  was  visible  to  a  radius  of  about  10,000  feet.  The  radial  growth  of  the 
leading  edge  Is  shown  In  Figure  4.4.  The  measurements  are  consistent  with  the  times 
of  arrival  of  the  peak  of  the  second  air  pressure  pulse  at  the  DD-592  and  the  5S-I>arge 
(Reference  25).  These  values  a»v  included  In  Figure  4.4. 

A  condensation  dead  appeared  on  the  downwind  side  of  the  column  at  about  1.8  seconds 
after  SZT  (Figure  4.12).  Its  lower  edge  was  at  a  height  of  about  800  feet,  and  its  maximum 
altitude  was  approximately  1,400  feet.  By  4.3  seconds,  the  cloud  had  disappeared,  appar¬ 
ently  engulfed  by  the  expanding  plumes.  An  enlargument  and  whitening  of  a  few  clouds  in 
the  sumulus  cloud  layer,  2,000  feet  above  the  surf.aca,  was  also  uiiserved.  This  effect  was 
faint  and  could  be  detected  on  only  a  few  records,  primarily  the  aerial  color  documertanes. 
A  patch  of  cloud  near  surface  zero  was  afiocted  at  4.4  seconds  after  S'ZT,  an''  a  patch  at 
a  greater  distance  was  affected  about  8  seconds  after  SZT,  In  both  cases,  the  brightening 
and  enlargement  persisted  for  about  u  seconds,  ,4s  on  Shot  Waliuo,  this  was  caused  by  the 
passage  of  the  rarefaction  phase  of  an  air  shock  wave.  The  phenomenon  is  discussed  in 
greater  detail  in  Section  6.2. 
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4.3  SPn.W  DOME 


Following  the  air  shock  wave,  a  bell-shaped  dome  of  spray  rose  above  the  w.aUir  surface. 
Several  largo  jets,  resulting  fro'ii  the  action  of  the  shock  wave  on  buoys  ne.ar  suriacc  zero, 
wore  v'sibic  at  the  center.  These  arc  diiicussed  in  Section  4.4.  A  promln'tot  feature  was  a 
large  black  patch  that  appeared  on  the  side  of  the  dome  where  the  Zero  Barge,  an  LCU,  had 
been  moore>..  about  SO  feet  from  the  Zero  Buoy.  The  blackness  was  probably  enticed  by 
debris  from  the  hreaKup  of  the  barge  by  the  primary  underwater  shock  »  a\  T.he  appearance 
of  the  dome  is  showri  in  Figure  4.S. 

Measurements  of  spray  lielght  versus  time  were  made  at  surface  zero  and  at  100-foot 
intervals  to  the  right  and  left  of  surface  zero  on  the  photographic  records  from  the  three 
surface  camera  stations.  Measurements  were  made  to  the  tup  of  the  spray  in  all  cases. 

As  an  example,  smoothed  curves  for  positions  extending  to  40C  fe»‘  !eft  of  surface  zero, 
as  seen  from  the  LCU-479,  are  shown  in  Figure  4.6.  Measiircrrenv^.  were  made  tc  a  radius 
of  1,500  feet,  but  the  scatter  of  data  points  made  it  imposr^ble  to  fit  a  smooth  curve  to  the 
nicasurements  with  confidence  at  distances  beyond  600  feet.  ,tt  a'X,')00-  foot  radles.  the 
maximum  measured  height  was  10  feet. 

The  spray  height-verau  .ne  curves  showed  discontinuities  .<t  early  times.  A  particu- 
iariy  abrupt  change  at  0.38  &.  oiki  is  shewn  on  the  ttOU-foot  r'itbt'.s  curve  in  Figure  4.6. 

A  sudden  increase  in  velocity  of  this  nature  appeared  r.n  sonri'  j  »rface  zero  records  Ixstwcon 
O.S  and  0.6  second,  but  only  silg.l  changes,  occurring  between  '■■,2  and  O.b  sur  ■'■1,  v  rc 
detected  at  the  100-fo«t  r.idll.  At  .dUianees  '”3  feet,  ,K  ■  discciiiJnLr-os  appeared 

at  later  times.  These  sudden  changes  indicated  the  appearan.  a  of  plume  rffocts.  .Vt  this 
time,  the  mass  motion  of  the  water  produced  by  the  oxpandl'^;  bubble  r.opidly  overtook  the 
sliock-wavo-lnduccd  spray  effects,  and  the  w.oter  rose  upwt  oi  ‘n  form  a  cylindrical  plume. 

Because  of  the  short  duration  of  the  spray  dome  on  Shot  i..  i.irelia,  it  was  necessary  to 
use  care  In  the  determination  of  initial  velocities  by  the  msti.  a  given  in  Section  3.3.  In 
some  cases,  the  height-versus-time  curves  were  linear  u' 'il  plume  effects  appeared,  and 
the  slopes  ot  the  lines  were  assumed  to  represent  imtial  "ul’A-ities.  These  constant 
velocities  were  observed  on  some  records  at  the  200-  and  4'  0-foot  radii  and  on  all  records 
at  the  300-foot  radii.  The  measured  values  arc  listen  it,  T  hlo  4.1.  Means,  standard  devi¬ 
ations,  and  coefficients  of  variation  are  also  shown;  the  latter  Indicate  an  increasing  scatter 
wit!)  Increasing  distance  from  surface  zero.  Initial  vcl'.iltlos  were  not  measured  at  radii 
beyond  600  fu-l  because  of  Uie  seatter  of  the  data  points. 

By  means  ot  Equation  1.4,  It  Is  possible  to  calculate  icak  underwater  shock  pressures 
and,  he.tce,  the  yie'd  from  Initial  spray  dome  velocity,  if  the  depth  of  burst  an.4  shock  velocity 
are  known.  For  a  shallow  hurst,  such  as  Umbrella,  U.e  shock  velocity  it,  changing  rapidly 
near  the  surface  and  a  constant  value  cannot  be  assipod  to  It. 

However,  It  is  possible  to  estimate  the  yield  from  the  spray  dome  data  by  using  the  ratio 
of  peak  pressure  to  shock  velocity  P,)/U  as  a  variable.  For  Umbrella,  Equation  1.4  reduces 
to; 


^ .  -.Yg...- 

U  145  COS  6 


(4.11 


Values  of  P^U  were  found  trom  the  spray  dome  velocity  data  a.nd  are  shown  in  Tabic 
4.1.  The  means  arc  compared  with  theorcticui  values  for  yields  of  5,  8,  10,  and  15  kt 
in  Figure  4.7.  An  interpolation  ot  the  individual  calculated  values  Indicates  effective  hviro- 
dynamlc  yields  of  12.8,  13.i,  and  15.6  kt  at  siirftce  zero  and  horizontal  r."'*".  of  100  and 
200  feet  (ISO-,  130-,  .'<nd  250-foot  slant  ranges).  Tlic  uicragc  of  all  individual  yield  dcu:;-- 
minations  in  this  region  is  14.2  kt.  At  greater  distancee,  the  values  are  uareasonab’.y  high, 
probably  Ixicouse  of  difficultiea  in  measuring  the  smaller  heights  ana  the  possible  o'jcurrcnce 
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of  hi(;li  instability  (ilcfci'ciicc  14)  vclocitips  for  brief  intervals.  Table  '*.1  includes  all  of 
the  yield  values  obtmned  from  initial  spray  dome  velocities. 

The  calculated  yields  based  on  tins  metiiod  are  considerablv  greater  than  the  r_;liochemica! 
yield,  because  the  burst  occurred  on  the  bottom  of  the  lagoon.  It  h.as  lx;cn  cstimalce  that 
the  presence  of  the  bottom  would  produce  an  effective  hydrodynamic  yield  l.G  times  that 
oM  uiieu  from  the  same  burst  in  free  water  (Reference  HO).  Dividing  this  lactor  into  llie 
surf.acc  zc-o  value  of  12.8  kt  gives  a  total  yield  of  8.0  kt,  and  applying  .1  to  the  average 
value  oi  14.2  kt  gives  a  tot.il  yield  of  8.9  kt.  The  standard  deviation  is  3  kt  for  the  Individual 
yield  determinations  at  the  three  r.idii  given  alwve,  so  tiiat,  within  the  limits  of  scatter, 
the  aver.Tge  total  yield  of  8.9  kt  is  In  good  agreement  with  the  reported  r.'JIochemical  yield 
oi  a  kt. 

It  should  lie  noted  that  the  reilectlon  f.ictor  of  1.0  was  calculated  on  the  basis  of  an 
assumed  energy  partition  Ixitween  w.ater  and  coral  and  is  subject  to  some  uncertainty.  It 
could  vary  lietween  the  e.xticme  limits  of  1.0  .w.  2.0,  but  neither  of  these  is  likely. 

No  reli-ible  data  on  the  spr.ay  leiardation  ccttficlent  f  could  be  obtained  gn  Umbrella, 
'>ecausu  the  plume  phenomena  toscured  the  l.ater  behavior  of  the  spray.  The  measured 
values  showed  wl  ••arlability.  they  averaged  590  and  340  ft/ sec*  at  surface  zero  and  the 
lOO-foot  radii,  rt  cl“...i» ,  which  is  probably  only  a  rough  ortler  of  magnitude.  In  cases 
where  the  velocity  w  u»  cc!..’.ant  during  the  short  period  of  me.Tsurcment,  no  letardation 
could  be  determined. 

A  curve  of  maximum  obSHCved  spr;’,"  height  for  radii  ixi\.  >,i; .  ai.d  1,500  font 
at  about  1  second  after  SZT  is  shown  in  Figure  4.8.  The  plume  undoubtedly  liiei eased  t  ie 
values  nearer  the  center,  but  this  effect  cannot  be  evaluated  quantitatively. 

4.4  TRAJECTORIES  OF  OBJECTS  NEAR  SURFACE  ZERO 

Shortly  .ifler  the  apjiearancc  of  tlie  first  visible  surfaco  uffouts,  soveral  objects,  ioilowed 
liy  trails  of  spr.sy,  rould  i»>  seen  rising  aU've  die  '.‘eiitia!  portion  of  the  spray  dome.  Those 
objects  were  probably  buoys,  portions  of  barges,  and  the  like  near  surface  zero,  which  wore 
propelled  upward  by  the  underwater  shock  wave.  The  location  of  seme  of  these  objorts 
prior  to  detonation  Is  shown  in  Figure  4.9.  The  Zero  Buoy  was  a  modified  Navy  telephone 
buoy  about  10  feet  in  diameter.  A  Zero  Barge,  which  consisted  of  an  LCM  placed  in  the 
well  of  .an  l.CU,  was  moored  about  50  feet  from  the  buoy.  The  barge  contained  firing  r.acl:3 
and  Project  l.ll  electronic  equipment. 

Figure  4.10  shows  the  appearance  of  the  objects  rising  above  the  spray  dome.  It  was 
possible  to  measure  the  tr,aJoct'‘r:.3  of  three  of  these  objects  from  the  three  surface  camera 
stations  (Figure  4.1i».  A  parabolic  equation  of  the  form  used  in  the  Waiioo  spray  dome 
analysis  (Equation  3.2)  was  fitted  to  the  data.  The  fitted  curves  are  shown  in  the  figure, 
together  with  their  equations.  Because  of  the  relatively  short  duration  of  the  trajectory  of 
Object  No.  3,  no  attempt  was  made  to  fit  a  curve  to  the'"  v.alucs.  With  the  exception  of 
■^bject  No.  3,  the  lateral  component  ol  motion  was  negligible. 

The  resolution  of  the  photographic  records  was  inadequate  to  identify  the  objects,  .and 
trlargulation  of  the  trajectories  from  *he  three  camera  stations  was  proh.ahiy  .< '  accurate 
because  cf  measurement  difficulties.  However,  this  method  provided  estimates  cf  the 
locations  of  tlic  objects  prior  to  tiic  shot.  Object  No.  1  was  estimaied  to  be  18  fast  from 
surf.ace  zero,  .at  a  bearing  of  65* .  Tins  object  had  a  large  gray  spray  trail  and  w.as  still 
rismg  when  the  jieriod  of  measurement  enaed.  An  initial  velociiv  of  1,820  ft.  '  ■-  • 
indicated. 

Object  No.  2  was  approximately  37  feet  Irom  surface  zero  at  a  bearing  of  40* .  Us  initial 
velocity  was  2,260  ft/sec,  and  it  had  a  high  re'ardation  factor.  Therefore,  ts  trajectory 
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leveled  off  during  the  perlo<l  of  incasurcmunt.  Us  spray  trail  was  also  gray. 

Ol)joct  No.  3  was  29  feet  from  surface  zero  at  a  Ixtaring  of  186* .  it  rose  out  of  the  black 
n.itrh  orodiired  on  the  side  cf  the  spray  dome  hy  tlin  hreakiin  of  the  Znro  narco.  This  ohjool 
was  followed  by  a  narrow  white  spray  tr.ail.'  A  lateral  component  of  velocity  of  370  ft/scc 
'.t'*  V  vertical  component  of  t,9.‘in  ft/soo  won*  shown  Ik-  tho  d.nta,  giving  .an  initial  velocity 
of  .ibout  1,  >83  ft/ sec. 

A  theoretical  peak  pressure  of  74.3ao  psl  at  surface  zero  Is  predicted  by  Kcierencc  17 
for  a  yield  of  12.8  kt  (8  kt  multiplied  b/  a  factor  of  1.6  because  of  the  effect  of  the  iKttom, 
as  discussed  in  Section  4.3).  This  would  give  an  initial  spray  dome  vclccity  of  1,370  ft/scc 
at  this  point.  The  initial  velocities  of  the  objects  measured  wore  from  1.2  to  l.'t  times  the 
c.vpcctcd  spray  dome  velocity,  probably  as  a  result  of  a  different  mcch.anism  ot  initi.ation 
oi  the  motion. 

In  addition  to  those  that  were  measured,  other  objects  wore  seen  to  fall  from  the  upper 
plumes' (EGdiG  Film  S2249).  Because  of  the  greater  importance  of  other  measurements 
for  this  report,  all  tho  trajectories  were  not  measured,  and  all  the  photogr.nphin  records 
were  nut  .analyzed.  Should  the  need  for  more  information  exist,  additional  d.afa  can  be 
obtained  from  tho  record 

4.5  PLUMES 

Since  the  development  of  the  pt’M.os  from  II..  i.ai  y  eome  on  a  rolallvtt;'  s'laiiow  ourst 
like  Shot  Umbrella  is  a  fairly  continuous  process,  It  Is  difficult  to  distinguish  the  two 
phenomena.  However,  the  spray  dome  helght-vcrsus-timo  curves  in  Figure  4.6  show 
discontinuities,  which  Indicate  that  now  Jets  originated  in  the  sldos  of  the  Umbrella  dome 
about  0.4  second  after  SZT.  Close  ex.iminatlnn  of  the  photographs  shows  that  those  Jets 
had  strong  lateral  components  of  motion,  indicating  that  they  were  produced  by  the  c.xpanding 
explosion  bubble.  At  this  stage,  the  water  pushed  out  by  the  gases  and  vapors  was  probably 
decelerating. 

Tho  plume  continued  to  rise  and  expand  latertdly,  attaining  a  roughly  cylindrical  shape, 
as  shown  In  Figure  4.12.  The  plume  was  wider  near  the  top  than  at  tho  bcliom,  with  the 
narrowest  portion,  or  neck,  at  an  average  height  of  3r '  to  400  feet  above  the  surface. 

Figure  4.12  shows  that  the  plume  consisted  of  a  mass  of  Jets,  which  broke  up  into 
spray.  Tlie  jets  in  the  upper  part  of  the  plume  started  out  in  an  almost  vertiu.d  direction 
from  positions  close  to  the  burst  and  hod  broken  up  into  a  fln«  cloudlikc  mist  by  tho  time 
the  plume  reached  its  muxiinum  height.  The  height-versus-lime  data  showed  slight  discon¬ 
tinuities  as  rising  Jets  overtook  and  passed  Jets  alrave  Uiem.  Since  a  narrow  tot  rose  a 
few  hundred  feet  above  them.  Since  a  narrow  Jet  rose  a  few  hundred  feet  rJbove  tho  top  of 
the  bulk  of  the  plume,  the  curves  In  Figure  4.13  are  for  both  maximum  height  and  average 
height.  The  vertical  growth  had  virtually  ceased  at  20  secoiids  after  detonation,  when  a 
height  of  about  4,900  foot  was  reached.  For  aircraft  safety*  considerations,  it  may  be 
st.'.toa  u.ut  the  maximum  plume  height  for  Umbrella  was  5,000  fed.  The  scatter  In  plume- 
height  data  for  a  camera  station  and  the  spread  cf  the  curves  in  Figure  4.13  alxiut  the  mean 
never  exceed  ±5  percent.  In  some  cases,  ths  measured  average  height  exceeded  the  re¬ 
ported  maximum,  particularly  at  late  times.  This  can  prooably  be  attributed  m  measure¬ 
ment  difficulties. 

,  Because  of  the  random  nature  of  tho  Jets,  the  lateral  "rowth  of  the  plume  was  not  entirely 
symmetrical.  Plume  radii  relative  to  surface  zero  were  measured  to  tho  outermost  J  no, 
as  seen  from  the  three  surface  camera  stations;  these  vves  are  shown  m  Figure 
The  jets  in  tho  plume  started  to  spill  over  and  fall  betwee'i  10  and  11  seconds  after  the  burst. 
The  maximum  measured  plume  diameter,  as  seen  fro.a  the  LCU-1123,  was  about  3,230  feel 
at  22  seconds  alter  SZT.  By  *his  time,  the  plume  had  lost  its  sharp  outline  .and  hail  bt*come 
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a  ''oughly  cylintlrical  diifufe  mass  or  spray. 

At  early  times,  the  lower  port  of  the  plume  resembled  the  column  observed  during  ME 
tests.  The  lower  Jets  that  foniieii  the  column  followed  relatively  short  trajectories  ajid 

,  f.  ^  ,•  o.Sik.  tlx*  »/\r>  r\t 
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plume.  Trajectc.les  of  indlvldux'  jets  that  could  be  followed  on  the  records  lor  several 
Si.f..v'ds  are  shown  in  Figure  a.tS.  The  ton  of  the  column  could  not  bn  clearty  distinguished 
from  <he  lightor  material  above  It. 

Meaa.^rements  of  the  lateral  growth  of  the  column  neck  are  included  in  Figure  4.14.  This 
region  was  measured  for  scaling  purposes  because  of  its  smooth  appearance  at  early  times. 
However,  jets  became  clcai-ly  visible  in  the  column  neck  about  3.a  seconds  after  SZT.  These 
reached  a  maximum  height  about  6  seconds  after  SZT. 

Tho  gradual  settlement  of  the  plume  material,  which  smarted  about  20  seconds  after  the 
shot,  may  be  called  fallout.  T'?,e  plume  was  divided  into  three  large  masses  of  hailing 
material!  the  largest  at  the  buUuin  and  the  smallest  at  the  top.  Figure  4.14  shows  a  rapid 
decrease  in  diameter  between  35  and  40  seconds  when  the  lowest  mass  settled  out,  and 
measurements  were  shifted  to  a  higher  level.  The  plui.ic,  or  fallcut,  dlar.icter  decreased 
continuously  tJierer'tcr  as  material  dropped  to  tho  surface,  leaving  a  relatively  narrow 
cylindrical  mist.  etimments  of  the  motion  showed  that  tho  fallout  moved  In  tho  direction 
of  and  at  about  the  sp.  -d  of  iba  wind  from  20  seconds  until  It  was  no  longer  visible.  A  fall¬ 
out  contour  at  14c  soc.-iids  Is  included  In  Figure  4. IP.  Pigero  4.13  shows  that  the  mist  at 
tho  top  of  the  plume  »<,i*'.«tl  e  an  average  rate  of  .about  23  ft/ see.  Tho  ..pe'  ;rito  of  tho 
plume  during  Its  collapstng  stage  is  shown  In  .'igurc  4.16. 

The  mist  remaining  from  tl)e  Umbrella  plume  was  visible  for  a  longer  lime  from  tho  air 
than  from  thu  ground.  However,  tho  reported  time  of  diouppearanco  varied  with  the  point 
of  observation  and  tho  observer,  In  general,  the  mist  wes  visible  on  .nerlal  photographs 
until  3  to  4  minutes  after  SZT  and  on  surface  camera  records  only  until  100  to  120  seconds 
after  SZT. 

It  is  intereating  to  note  thst  a  string  of  baU-ctuoher  gages,  which  was  suspended  from 
a  buoy  about  5S0  feet  from  surface  sen?  by  Projeut  1.1,  was  recovered  Intact  after  the 
burst  (Rofercnco  10).  Tlu.^  prob.ibly  indicates  that  the  radius  of  the  c.nvity  produced  In  the 
water  by  the  explosion  was  less  than  590  feel.  Measurements  show  that  the  outside  edge  of 
the  column  extended  well  btyoad  tlie  edge  of  this  cavity. 

.4  moveinent  of  spraj'  Into  the  column  wu.  uusei  ved  c:)  Film  52266  about  4  seconds  after 
SZT.  ‘this  probably  indicated  a  rupture  of  tho  column  wail  and  a  subsequent  Inflow  of  air 
because  of  the  low  pressure  Inside  the  column.  The  column  neck  radius  was  565  feet  at 
tnis  time. 

4.6  VISIBLE  BASE  SURGE  , 

The  leading  edge  of  the -Umbrella  bsse  surge  umergoH  from  the  base  of  the  column  about 
7.4  seconds  after  SZT.  This  surge  front  was  possibly  a  splllout  of  material  at  the  edg'-  of 
the  water  cavity.  A  sin’  phenomemm  was  observed  during  Shot  B.'dier  of  Oreralion 
Crossroads  and  iif  KE  tests.  In  some  case®,  botlo.m  material  w.as  observed  to  selU  out  01 
the  base  of  tho  column.  As  the  Umbrella  aiirge  moved  radially,  tlie  eoUspsing  coium.n  fed 
material  Into  it.  »\Iler  the  colurar.  had  subsided,  th-u  surge  conllnued  to  spread  .along  the 
surface  as  a  ring-shaped  cloud.  Ihe  surge  was  Irregular  In  outl  ae  but  did  not  foiiu  aupuraie 
iobe.s  as  rapidly  as  daring  Shot.  Wahop.  At  the  end  of  Lhe  .ongest  avrllablo  photagTaphic 
record  iPilm  52247),  which  was  .at  25  minutes  thi  Jmbivtla  ourpe  was  still  vis..'ie  irom 
the  air  ss  a  well-defined  toroidal  cloud. 

Figure  4.16  shows  the  collapse  of  the  Umbrella  plume  and  tho  formation  of  the  base  surge. 
The  surge  structure,  a.s  seen  from  the  air  when  the  piume  was  no  longer  visinle,  is  illustrated 
in  riguiu  4  17. 
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figure  4.18  Includes  the  measurements  of  right  and  left  .surge  radii  as  scon  from  the 
throe  surface  camera  stations.  The  bei;rlng  nf  e  ich  radius,  In  reference  to  .surface  zero, 
is  indicated  on  the  figure.  The  longest  and  must  useful  record  was  that  obtained  from 
Station  S4u  (.Site  Gienn).  The  right  and  ieu  radii  seen  from  these  eainenis  lay  im  (he  72’- 
to-2S2'  xxis  of  the  surge,  which  was  approximately  parallel  to  the  reported  surf.acc  wind 
.•!iv.>.-.t!.-,n  ffr.tr.’.  .tp*).  Th«  siirrfl  vnl.-inlly  w.ts  Initially  about  ST  hn.-.ta  .on  th.o  S.SS*  radliia, 
which  was  appf’.xlmatety  downwind.  At  SO  seconds  alter  SZT,  the  velocity  had  '’ecroascJ 
to  61  knots.  The  curve  for  the  T2*  radius  levels  oft  at  about  4.S00  feet  between  90  and  100 
seconds  after  SZT,  and  then  indicates  an  approximately  downwind  motion,  which  scorns  to 
m.'Untain  a  constant  velocity  of  tdtout  11  knots  after  200  seconds  following  SZT.  .M'nvever, 
meusureme.nts  taken  near  the  top  of  the  surge,  on  the  72*  bearing,  showed  a  motion  of  about 
20  knots  at  13S  seconds,  which  is  in  agreement  with  the  reported  surface  wind  speed. 

Photographs  show  that  the  upwind  trailing  edge  of  the  Umbroll.a  base  surge  lagged  behind 
the  main  body  of  the  surge,  probably  because  of  retardation  hy  surtace  friction.  It  also  is 
possible  that  the  surge  was  denser  near  tho  surface  and,  therefore,  less  subject  to  the 
influence  of  Uiu  wind.  As  the  surge  moved  downwind,  It  appeared  that  spray  from  tho  sur¬ 
face  of  the  foam  patch  wa>  '■tripped  off  by  the  wind.  This  mist  was  not  distinguishable  from 
the  surge,  and  added  to  thv  'flc.,*.*y  of  obtaining  surgo  measurements  uptvind  after  about 
190  seconds,  when  tho  upwtn  trab*  'g  edge  was  in  tho  foam  patch.  11  possibly  moved  beyond 
tho  foam  patch  about  520  sect  ?.•*-.  .■■fter  SZT. 

Figure  4.19  n-howS  tho  only  bast,  .iurgo  contour  a<'4llahle  tor  Shot  I.'.-.!’;.  t*-  .  wjis 

obtained  at  140  seuunds  uller  SZT  from  Film  32256.  Tlte  surge  had  a  sligliUy  elliptical 
shape  at  this  time,  and  Its  irregular  outline  car.  be  clearly  seen.  The  dlsruptlcc  of  the 
surge  by  the  downwind  target  vesiel-j  Is  also  evident  In  FIgura  4.19.  These  effects  illustrate 
the  ii.mltatlons  of  surface  photography  f.ir  ustabltshlng  the  truu  .-mape  and  dimensions  it  the 
base  ‘,e 

An  attempt  was  made  to  determine  the  drift  of  the  lia'ibrolln  verge  on  tho  aerial  photo¬ 
graphic  records  by  measuring  the  distance  between  the  center  of  tho  surge  and  the  center 
of  the  foam  patch.  This  proved  to  bo  oxtremnly  difficult  because  of  the  irregular  shapes 
of  UiUi  phenumera,  tho  diffuse  nature  of  thu  surge  at  lute  times,  and  tho  distortion  intro¬ 
duced  In  some  records  by  the  proximity  of  the  surge  to  the  edge  of  the  frame. 

An  additional  photogrammctric  problem  also  existed  in  measuring  the  drift  from  the 
1,500-foot  C-S4,  as  It  was  at  nearly  ’he  same  altitude  as  the  top  of  the  surge.  The  most 
useful  and  reliable  records  appeared  to  be  Films  5224?  and  52247,  from  the  9,000-  and 
10,000-focl  aircraft,  respectively.  Although  the  drift  measurements  showed  scatUi,  tl.c 
average  motion  measured  between  I'-O  arid  1 ,200  seconds  was  about  20  knots  along  the  235* 
bearing  fro''.  surface  .'.oro.  This  differed  by  5*  from  the  230*  drift  expected  on  the  basis 
of  the  reported  wind  direction.  However,  this  is  not  unreasonable,  as  the  surface  wind 
direction  Is  reported  In  10*  increments  and  consequently  could  have  been  anywhere  between 
225’  and  235* .  In  order  to  obtain  consistent  da’at,  all  base  surge  measurements  obtained 
from  ajrnraft  were  adjusted  for  a  steady  drift  of  20  knots  along  the  235*  bearing,  starting 
at  10  seconds  after  SZT.  This  movement  was  added  to,  or  subtracted  from,  the  camera 
distances  from  surface  zero  os  determined  on  tlie  rnd.ar  plots. 

The  aircraft  measurements  showed  varying  degrees  of  scatter,  depending  on  suah  fsbiuis 
as  the  trailing  mist,  measurements  between  lobes,  indefinite  edges  of  the  surge,  and  the  like. 
However,  using  aircraft  bearings,  it  was  possible  to  determine  approximate  curves  for 
the  average  and  crosswind  surge  radii  to  1,159  seconds  alter  SZT.  For  tho  first  100 
seconds,  the  scatter  was  negligible.  It  increased  to  il9  percent  at  400  ?'*'v>nds.  The  later 
suige  values  are  questionable  because  of  the  limited  data  after  500  seconds. 

The  cros.swind  and  average  surge  radit  are  shown  in  Flgiire  4.20.  In  addition,  th'j  upwind 
and  downwind  motion  of  the  surge  along  the  55*  -to-235*  axis  through  surface  zero  is  shown. 


100 

CONFIDENTIAl 


The  cut'vcs  oru  based  on  aerial  measurements,  the  contour  plot  in  Figure  4.19,  visual 
determination  oi  the  surge  .arrival  ,^-.J  departure  times  .it  temperature-humidity  stations, 
and  the  surface  measurements  showndn  Figure  4.18.  Two  curves  arc  shown  for  tlie  upwind 
trolling  edge;  one  represents  the  main  body  of  the  surge  .and  the  otiicr  the  shallow  mist, 
which  probably  included  some  spray  from  the  foam  patch.  This  mist  faded  after  the  surge 
let*  the  foam  patch  and  was  no  lui:gur  visible  ul  SOO  seconds  after  52T,  when  the  sur^e  was 
beyond  the  Island  stations.  The  disoppear.once  of  the  trailing  mist  prob-bly  helps  to  account 
for  tho  agreement  between  the  nverrgc  and  crosswind  radius  curves  at  1,200  locor.ds  in 
Figure  4.20.  At  this  Into  time,  the  surge  was  ring  shaped  and  was  moving  with  the  wind; 
it  was  probably  no  longer  subject  to  surface  frictional  effects.  The  crostwind  radlus- 
versus-time  curve  shows  a  3-knot  radial  growth  at  the  end  of  the  record.  Indicating  a 
continued  slow  growth  of  the  surge. 

In  general,  the  loading  downwind  edge  was  more  clearly  defined  than  tho  trailing  upwind 
edge.  The  inner  edges  of  the  surge  ring  were  also  net  clearly  defined,  and  tho  enclos. 
area  contained  mist  from  fallout  and  probably  spray  from  the  foam  p.atch.  Figure  4.17  shews 
a  greater  vertical  development  ot  the  surge  on  the  downwind  semicircle  than  on  the  upwind. 
The  greater  wind  'sr  on  the  upwind  halt  of  tho  surge,  where  tho  surge  was  moving  against 
the  wind  at  early  tt.  ably  accounts  for  this. 

What  apparently  w  «h  the  arrival  of  tlio  base  surge  was  detected  on  some  of  the  Project 
1.2  olrblast  gage  rccoiv  i.  A  short  positive  loise  fuiiuwed  by  a  sl'gM'v  nug'‘lvo  phase 
was  recorded  at  19.b  seconus  at  the  Ef-'l  ,t  second  gage  on  me  .•.■  -i  igeUideJ  a  negative 
phase,  starting  at  19.0  seconds,  in  both  coses,  the  trace  was  wavy  during  tho  negative 
phase.  The  data  recorded  at  the  UD-474  showed  a  sligitt  wavinoes  of  the  trace  beginning 
at  18  seconds,  with  a  short  positive  pulse  at  19.2  seconds.  After  the  positive  pulse,  the 
trace  was  wavy  until  tho  end  ot  the  record.  No  negative  phase  was  discernible  during  this 
period.  A?  t!ie  21-barge,  the  trace  became  negative  and.very  irregular  20.8  seconds  after 
SZT.  These  times  arc  in  agreement  with  the  radlus-versus-tlnm  curvuu  uhuwn  in  Figure 
4.18. 

Ihe  maximum  height  of  the  Umbrella  base  surge  wns  meatured  from  the  three  surface 
camera  stations.  Tlie  data  oblulnud  from  different  cameras  at  Individual  sUotionc  did  not 
show  excessive  scatter;  the  range  approached  *  10  percent  from  the  mean  In  extreme  c.oscs. 
However,  there  was  considerable  deviation  between  the  original  average  helght-versus-tlmc 
curves  from  different  stations.  The  primary  reason  was  the  constantly  changing  distances 
between  the  highest  peaks  of  the  surge  and  tho  camera  stations,  resulting  from  the  radial 
.  growth  and  downwind  drift  of  the  surge  toward  or  away  from  a  station.  In  addition,  the  point 
of  measurement  ehifted  as  one  Icbc  overtook  another  or  a  high  lobe  evaporated.  iMso,  Ute 
highest  lobe  vtsiblo  from  one  statluu  might  not  have  been  seen  from  another.  No  attempt 
was  made  to  positively  Identify  tho  high  lobes  on  different  records,  to  locate  them  precisely 
In  space,  nr  to  determine  their  exact  heights.  The  effort  involved  was  not  believed  lu  be 
Justified  because  of  the  normal  variation  expected  In  this  type  of  daU.  However,  an  upproxi- 
■"•Ue  correction  was  applied  where  possible  by  estimating  the  positions  ot  the  high  lobes 
and  accounting  for  the  mntlon  of  the  surge. 

Figure  4.21  shows  the  resulting  maximum  height-veraus-timo  curves  for  tl  •  'hreo 
surface  stations.  .No  correction  has  been  applied  for  the  first  SO  seconds  for  Stations  942 
(LCU-479)  and  946.02  (LCU-1123),  because  the  average  readings  from  the  twu  slaliuns  are 
believed  to  He  within  10  percent  of  tho  true  values.  Since  Station  942  was  appro.vJmately 
crosswind  of  tho  burst  and  was  the  greatest  distance  away,  the  error  due  to  siirgn 
was  minimized,  and  probably  varied  between  zero  and  20  parcent  daring  tho  period  of 
measurement.  Aeonstwt  correction  factor  of  0.9  was,  therefore,  applied  to  the  Station 
942  surge  heights  between  50  and  146  seconds,  after  which  measurements  were  no  longer 
possible,  because  the  surge  extended  beyond  the  field  of  liew  of  the  camcrofi.  Station  946.02 
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wns  botwuun  at  upwind  ;md  cruauwind  positiun.  Dctwcun  00  and  64  seconds  after  SZT,  a 
correction  of  0.8  was  applied  to  com|X;nsatu  for  tho  measurement  of  3ur|;c  heights  about' 
3,600  feet  closer  to  the  camera  than  surtacu  zero.  At  64'seconds,  the  measurements 
appeaieu  to  shift  to  lubes  perpendicular  to  thc.linc  ol  sight.  .Vs  the  surge  moved  do'wn'wind 
and  .away  iVum  the  station,  the  meaturt  J  heights  were  low  after  64  seconds.  The  correction 
fociurs  iiel'  ee/i  63  seeuiiuS  and  the  end  <>1  the  measurements  at  t:4h  seconds  were  based  on 
a  wind  component  ef  IS  knots  along  the  ramera  lino  of  sight.  After  80  seconds,  '!'.e  highest 
lobes  were  ok  th.t  downwind  half  of  the  surge,  uj>d  an  average  distance  from  tho  center  of  the 
surge  to  tho  lobes  was  added  to  the  wind  motion  to  obtain  the  correction  factor.  This  reached 
a  maximum  of  1.3S  at  248  seconds. 

Station  940  (Site  Glean)  was  subject  to  the  greatest  measurement  error  becauso  of  its 
proximity  to  the  burst  Kor  exomplo,  at  60  seconds  after  .SZT,  the  highest  part  of  the  surge, 
as  seen  from  Igurln,  was  about  6,800  feet  from,  tho  cameras,  und  surface  zero  was  12,093 
feet  from  tho  cameras.  To  compensato  for  the  radial  motion  of  the  surge  toward  Station 
940  and  tho  simultaneous  wind  drift,  tho  height  measurements  were  reduced  by  a  for.tor  o* 

0.1  at  IS  seconds,  increasing  ttnoarty  to  a  0'..5  reduction  at  60  souonds  oivd  remaining  O.S 
until  1,30  seconds  :iftor  S7  '  when  the  surge  c.'.tended  beyond  the  field  ol  view  of  the  cameras. 

Figure  4.21  is  probably  cr-.-uiatc,  particularly  at  late  times,  bui.  Indicates  the  general 
trend  and  approximato  magn'.udca  Thu  figure  shows  .'Ui  average  riiU)  af  rise  of  ul)out  12 
ft/sec  between  IS  and  120  sccii.  •£  zltcr  SZT,  which  is  sumowma.  less  iha.*'  th»  rato  '•(  rise 
of  tho  VVnhoo  surge  top.  The  Un/brt'ila  surge  •''r'J  tr.ndcd  to  fluctuate  uUi.'.wr.  l,?Si.  --ol 
2,100  feet  after  120  seconds,  probably  averaging  several  hundred  feet  higher  than  the  Wshou 
surge. 

An  Interesting  feature  was  the  development  of  relatively  dense  white  cloud  turrets  ok  uio 
tops  of  the  surge  lobes,  particularly  on  tho  downwind  portions  of  the  surge.  This  started 
about  1  minute  after  SZT. and  Indicated  a  growth  of  the  eurge  droplets,  probably'rosultlng 
from  » Jlabatlc  couliug  of  Ute  surge  aerosol.  Tliu  droplet  growth  occurred  at  heights  above 
nlvHit  I  .non  feet. 


4.7  FOAM  PATCH 

Aft«r  the  plumes  liad  fallen  back  to  the  surface,  and  as  the  surge  cloud  dissipated  and 
begiut  to  drift  downwind,  a  white  circular  patch  could  clearly  be  seen  about  surface  zero. 

The  appearonce  of  the  foam  patch  is  shown  In  Figure  4.22.  Us  whiteness  Is  due  to  pulver¬ 
ized  coral  from  the  bottom  of  the  lagoon  and  foam  produced  by  the  violent  agitation  of  the 
water.  Evidently,  there  was  an  upward  tio'.v  of  water  In  the  vicinity  of  surface  zero,  similar 
to  tlvit  observed  on  Wigwam  und  Wohoo.  The  water  spread  out  radially,  resulting  in  a 
gradual  enlargement  of  the  patch  a.nd  on  accumulation  of  foam  and  debris  at  Its  edge. 

The  foam  patch  was  visible  ,nnd  meamreable  until  26  minutes  after  SZT.  A  comparison 
of  Figures  4.22  mid  3.23  shows  the  greater  persistence  and  density  of  the  Umbrella  patch. 
Contr.u:T  traced  fro.m  RB-SO  Film  52256  are  shown  in-Figure  4.23.  Diameters  ol  six  axes, 
relative  to  surface  zero,  were  measured  on  these  contours  and  were  also  extrapolated  from 
m^lor  diameters  measured  from  the  C-S4  records;  these  are  shown  in  Figure  4.24.  t 
single  curve  was  drawn  up  to  SOC  seconds,  because  the  foam  patch  was  partially  obscured 
by  die  surge  cloud,  which  resulted  In  a  gicat  deal  of  scatter  In  the  data.  .U  later  times, 
the  asymmetry  became  more  apparent,  end  separate  curves  were  drawn  for  each  axis. 

A  large  indentation  can  be  seen  on  the  southwest  side  ol  the  foam  patch  in  Figures  4 
und  4.23.  An  examination  of  aerial  records  showed  that  'ns-DD-SS?.  lav  al  the  head  of  this 
indentation.  .Vnparcntly,  when  the  patch  reached  this  ship,  about  7  minutes  after  SZT,  it 
consisted  only  of  learn  and  debria  in  a  shallow  layer  on  the  surface.  The  DD-392  was  broad¬ 
side  to  surf.ace  zero  and  thus  blocked  further  expansic.n  of  this  material.  The  supposition 
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that  th‘.‘  foam  patch  was  primarily  or,  Iho  surface  at  late  times  is  further  supported  by  a 
distinct  motion  of  tha  patch  in  the  downwind  direction,  as  can  lx,*  seen  in  Klttures  -1.2.1  .nr.'l 
4.2-1. 

A  roKion  of  radlo-ictlvely  cont.'tminatcd  w.ater  was  detected  on  Sliot  1,'iubrclla  by  Project 
'  2.3:  however,  Lha  dose  rate  w.t3  considerably  smaller  than  that  recorded  on  Sliot  Wahoo 

(Uv'-.-reneu  31).  Cvuiatnlnatioii  of  tlw  water  adjacent  t"  Uie  tai:iet  ships  was  .alsv  inv'Suie'l 
by  Proj-ict  2.1  (Reference  12).  The  only  successful  record  oittained  Ijy  U.lt  prt-Jjct  was  at 
thu  DD-593,  beyond  the  foam  patch,  whore  a  total  dose  of  0.7  r  was  recorded  for  the  first 
•  8.5  hours  after  the  shot.  It  Is  probable  that  the  settling  coral  sc.avenged  most  of  tha  radio¬ 

active  debris. 
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Figure  4.1  Primary  shock  wave  slick,  Shot  Umbrella. 
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rr'm«:y  shock  V.V*,' .:  ?■  "-k  and  spfiAt  oot«t 


0.S7  SCCONO 


CAVITATIOH  HJLSE  S^HAV  RIN<5 
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Figure  4.3  Aerial  views  of  eliok,  spray  dome, 
and  cavitation  pulse  spray  ling,  Shot  Umbrella. 


IU7 

CONFIDENTIAL 


.  tgaa.-a 


0  500  i^>00  1,500  2,000 

l.i-^ . I  . ■!-.  .  .1....  I 

SCALE,  FEET 

^ig'jre  4.9  Locations  ol  ships  and  buoys  prior  to  detonation,  Shot  Umbrella. 


Fi',?:rc  4.10  Objects  rising  above  the  spray  dome.  S!ioi  Umbrella. 
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thu  spray  dome*,  Shot  Umbralla. 
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Figure  4.12  Plume,  Shot  Umbrella. 
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Pfgiirc  4.14  Plume  radius  versus  time,  Shot  Umbrella. 
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Figure  4.19  Base  .eurge  contour.  Shot  Umbrella. 
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crosswind,  and  dowi-wind  extent.  Shot  niurclla. 
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Figure  4.23  Foam  patch  contours,  snui  Umbrella. 
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Chiptaf  S 

TEMPERATimC  AKD  HUMIDITY  MEASUHEMENT 


5.1  THEORY  or  TEMPERATURE  AND  HUMTOITY  CHANGES  IN  A  BASE  SUHGE 

WlMtt  A  biM  (urge  Mptrato*  from  Um  coUtpalng  column  or  plumes  formed  by  sn  under¬ 
water  explosion,  the  mixtute  of  closely  spaced  wsterdi.ops  sad  entrained  air  behaves  like 
a  homogeneous  fluid  Oovdng  outward,  because  its  bulk  d«nslt^'  la  greater  than  the  density 
of  the  ambient  air.  The  drop  olxe  spectrum  In  the  base  surge  has  not  been  estsbltshed,  but 
an  upper  limit  of  0.1  cm  In  dlamater  vdUi  possibly  SO  percent  of  the  drops  smaller  than 
0.01  om  In  diameter  seen  ‘  ‘  be  a  reasonable  rough  estimate  of  the  distribution  at  early 
times  for  a  shallow  burst  (.  2).  As  th^  surgo  progresses  outward,  the  processes 

of  mixing,  evaporation,  and  iondbiuatlon  chsngo  the  drop  size  distribution  and  also  the 
temperature  In  the  surgo,  siucc  c'..’u;sr3tlon  is  a  cooling  procvss,  and  cnndnnaaUon  has  a 
warming  effect.  The  relative  bumlo'Qr  of  tbo  o-tralned  air  It  aleo  afracu.-!. 

The  measurement  of  temperature  ^  humidity  change  inalde  the  Hardtack  base  surges 
was  planned  for  the  purpoee  of  gaining  some  Insight  into  theaa  proceaset  for  shallow  and 
daap  nuclear  bursts. 

!>e  rata  of  evaporation  of  a  single  atatlonar;' 
following  equation  (Reference  33); 


S.I.l  Evaporstlon  of  Drope  of  Pure  Water. 
’Cp  under  eteady  atate  oondlUons  Is  given  by  t 


^-2»Kd  C)d-pj)  (5.1) 

•dM 

Where;  <■  rsta  at  which  maas  (vapor)  Howe  asruss  the  boundary  cl  the  drop,  gm/tec 
K  >  dlffuslvlty  of  water  v.tpor  In  atr,  cmVsec 
d  ■  diameter  of  drop,  centlnsetere 

pj  3  water  vapor  denalty  .nt  ibo  surface  of  the  drop,  gm/om^  ' 
p^  ■  water  vapor  density  In  the  ambient  sir,  gm/cm’ 

The  total  time  required  for  the  complete  evaporation  of  a  drop  Is 


t  = 


P  dp^ 

8K  (Pd-Pg) 


(5.2) 


Where:  t  >  time  for  complete  evaporstlon,  seconds 

p  s  density'  of  llqyild  water  in  the  drop,  gm/cm’* 
dg  s  initial  diameter  of  drop,  centimeters 

Equation  S.2  Indicates  that  the  time  required  for  drop  evaporation  in  ^.I'cportlocal  to  the 
square  of  the  initial  diameter  and ,  consequently,  to  th'.;  initial  surface  area  of  the  drop. 

The  time  for  evaporation  will  be  slightly  less  at  high  air  temperatures  than  at  tow  temperatures 
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because  of  the  variation  In  the  diffusivity  K.  This  parameter  increases  slowly  with  increas¬ 
ing  tensperature  in  the  atmospheric  range,  having,  for  example,  values  of  0.257  cmVscc  at 
€8*  F  snd  0.273  emVasc  at  8S*  F. 

Equation  S.2  also  shows  that  the  evapcratlon  time  is  Inversely  proportional  to  the  differ¬ 
ence  between  the  vapor  density  at  the  drop  surfoco  and  the  vapor  density  in  the  ambient  air. 

At  the  drop  surface,  the  air  is  assumed  to  be  saturated  with  vapor  at  the  temperature  of  the 
drop.  U  exceeds  p«,  evaporation  occurs ;  U  pj  is  lass  than  pa.  watev  vapor  cciidenkca 
on  the  drop. 

‘  Althouch  Equstloa  5.2  is  eorteet  for  a  stsmly-stsU  condition  (constant  pj  and  Pa),  this 
seldom  occurs  in  a  base  surfs,  and  ths  variations  la  pd  sod  pa  and  drop  tjA  air  tempsr- 
atursa  can  be  quits  complex. 

la  the  ambient  atmosphsrs,  rslstlvs  bumldltjr  may  be  defined  as: 

a.H.  -  100  (5.3} 

Where:  R.H.  >  relative  humidity,  percent 

pgg  «  **r  vapor  density  at  saturatlott,  gm/cm* 

The  saturalloo  watei  ‘spor  •Icnsl^  p^  is  nteasured  in  reference  to  a  plana  surface  of  pure 
water.  It  la  a  functio>>  rtf  temperature  only.  U  a  pitr*  surface  of  pure  water  Is  at  the  same 
tcmperutiire  us  the  al,*  •ouv  It  and  Uw  air  U  at  a  relative  humidity  o.  .  >0  I'Cvot, 
p^  B  pj^,  and  a  state  of  citUiUbrium  exutu.  U  the  relaUvn  htmld;:^  Is  less  than  100  percent. 
Pa  ^  Pas>  and  evaporaUon  occurs. 

The  behavior  of  'Irops  of  water  la  more  difficult  to  treat  than  the  behavior  of  a  large 
volunae  of  water  with  a  level  eurfaoe.  Two  efiCcta  that  occur  with  amall  dropleta  art  an 
Increase  In  equilibrium  vapor  praeeura  beeeuaa  of  eurfaoe  tenelon  and  a  deoreaee  in 
equilibrium  vipor  preesure  if  the  droplets  cany  an  electrical  ebarge.  However,  both  of 
theee  efiocU  are  nafUfible  for  drops  (roster  than  about  2  x  10**cm  in  diameter  (Refer¬ 
ence  34).  Drops  smaller  than  this  sisr  wiU  not  bs  coosldsrsd  In  ths  followli^  discussion, 
sines  It  is  btUoved  that  only  every  amall  frsetiou  of  the  drops  la  ths  surfs  fall  Is  this 
slss  rasfs. 

8.1dl  Etfect  of  Salinity.  Ths  sallsity  of  sss  water  reduess  ths  vapor  dsnslty  at  tbs  sur¬ 
face  to  a  valus  about  95  peroent  of  ths  valus  of  pd  at  .'be  eurfece  of  pure  water  (Reference 
35).  Ccnsequently,  the  eurfeoe  of  the  ocean  is  in  squllt.Vrlum  with  ths  sir  If  the  relative 
humidity  U  99  percent,  proWdlnf  the  weter  and  air  are  it  eume  temperature. 

If  the  reletive  humidify  less  than  95  peroent,  a  drop  of  water  at  air  temperature 
will  start  to  evaporate.  As  the  drop  ehrluhs,  the  conoentretloa  M  dissolved  sea  salU 
Incretses,  reaultlnf  In  n  (rndual  loweriof  of  pd.  A  saturated  eolufion  of  sen  salt  is  la 
equilibrium  with  its  surroundlnfs  at  a  relative  humidify  of  about  79  percent  (Reference  35). 

At  this  stage  the  ealtnlfy  is  shout  155  parts  psr  thoussad  (Retsreaos  37).  Consequently,  s 
drop  of  ecs  water  will  evaporate  until  It  becomes  a  satursted  uolutlon  If  the  smblent  relative 
humidify  Is  79  peroent  or  lees.  If  the  t«lc«iv«  hiualdlfy  Is  33  psroent  or  less,  evaporation 
.will  continue  until  dry  salt  particles  remain  (Refersnoe  36).  The  percentage  cnssgc  In  the 
initial  diameter  of  a  drop  of  sea  crater  as  a  function  of  relative  humidity  Is  shown  in  Figure 
S.l.  The  relative  humidify  at  I'm  four  underwater  nuclear  teats  is  also  indicated. 

5.X.3  Effect  of  Temperature.  The  prooete  of  Imst  exchange  Is  important  t<.  ttw  enuiv 
evaporatlou  (or  coodenaation)  process  and  cKcnot  je  neglected.  Inltl:^y,  a  WHmr  drop 
produced  by  an  underwater  explosion  may  to  warmer  or  cooler  than  the  air  or  It  may  be 
ibe  same  temporatum.  H  the  explosion  boats  tee  water  surroundieg  it,  heated  water  may 
enter  the  bsss  suree. 
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K  a  drop  la  warmer  than  the  air,  pj  >  Pj,  and  evaporation  will  take  place.  A  fraolion 
ot  me  heat  In  the  drop  la  conducted  to  the  air  and  the  remainder  Is  used  for  evaporation. 

'If  the  relative  humidity  Ic  below  the  saturation  value,  evaporation  will  continue,  with  heat 
provided  by  the  drop,  ur.tii  the  drop  cools  to  tho  temperature  of  the  air.  At  later  times, 
the  heat  for  evapurstion  will  be  provided  by  conduction  from  the  air.  The  drop  then  cools 
to  approx'  nately  the  ambient  wet>bulb  temperature  Tw-  In  an  Infinim  atmosphere,  a  steady 
state  is  reached  aiid  the  drop  remains  at  approximately  while  it  evaporaie”,  providing 
pj  at  the  drop  temperature  exceeds  For  a  drop  of  pure  water,  evaporatic.i  should  be 
complete.  With  sea  water,  the  percentage  of  evaporation  of  a  drep  is  uho'n'it  bj'  Figure  5.1. 
At  equilibrium,  the  drop  temperature  returns  to  the  ambient  value. 

It  Is  also  possible  that  an  explosion  In  cold  water  vdll  produce  drops  that  are  colder  than 
the  .lir.  In  this  case,  evaporation  will  occur  11  the  relative  li  tmidity  is  low 
However,  high  relative  liumiditicc  are  more  common  over  a  water  surface  and,  if  p^  <  p^, 
the  surge  drops  wilt  grow  instead  of  evaporating.  This  would  have  a  warming  effect. 

S.1.4  Applicability  to  Base  Surge.  For  convenience,  the  changes  which  occur  In  tho 
base  Furge  may  bo  dividi  '  to  three  stages,  as  discussed  in  Section  1.4.4.  During  Stage  1, 
tlic  surKe  in  assumed  tu  be  'Jciic**,  highly  concentrated  aerosol  that  does  not  mix  with  me 
.imbleiit  air.  During  Stage  mixing  occurs,  and  the  sursu  is  graduajiy  diluted.  During 
Stage  3,  the  surge  drops  are  w  July  separated  and  behave  as  mough  they  *‘h>  'n  n-  infinite 
atmosphere. 

For  a  small  HE  test  in  fresh  water,  Stages  1  and  2  are  very  brief,  and,  if  the  Initial 
drop  temperature  Is  near  tho  ambient  wet-bulb  temperature,  Rquallun  5.2  provides  a  good 
ordetwif-magnitude  estimate  for  the  duration  of  the  base  surge. 

For  a  large  e^qilosion  in  fresh  water,  tho  air  between  the  drops  during  Stage  1  should 
cool  to  the  wet-bulb  temperature.  In  this  case,  the  air  becomes  saturated,  and  evaporation 
ceases.  However,  during  Stage  2,  the  relative  humidity  in  Uie  surge  Is  reduced  by  mixing 
with  drier  air,  and  evaporation  continues  at  a  rate  depending  uii  me  rate  of  mixing.  During 
Stage  3,  the  drops  evaporate  completely. 

When  an  explosion  occurs  In  tho  ocean,  similar  results  occur  except  that  the  drops  of 
sea  water  do  not  completely  disappear.  They  may  remain  os  a  concentrated  solution  of 
salts  or  dry  sal:  particles,  depending  upon  the  relative  humidity. 

.  The  situation  was  more  complicated  during  Shot  Baker  of  Operation  Crossroads  whon 
new  cloud  development  occurred  at  the  top  of  the  base  surge  during  Stage  2.  This  v/as  u 
result  of  the  lifting  of  the  humid  unstable  ambient  air  by  the  surge.  Sut'sequently,  a  rainout 
occurred, .possibly  originating  in  the  new  upper  clouds.  This  rat.ofall  probably  scavenged 
the  base  surge  droplets  and  deposited  the  surge  material  on  th  j  surface  of  the  lagoon  or  on 
target  vessels. 


S.2  INSTnUMENTATTON 

Temperature-humidity  recording  stations  were  established  at  various  distances  from 
surface  aero  o.i  Shots  Wahoo  and  Umbrella.  The  major  component  at  each  station  Wa.i 
Foxboro  resistance  dynalog  mmpera.ure  recorder,  which  was  moiiificd  at  NOL  to  record 
both  di7-  Olid  \/et-bulb  tempei  atures.  Relative  humidity  was  calculated  from  the  two 
temperatures  (Reference  33). 

5.2.1  Recording  Instrument.  A  Foxboro  resistance  synalog  recorder  measures  ".'...'..er- 
ature  variations  by  means  of  the  change  in  electrical  resistance  of  a  sensing  elemen;,  turough 
a  modified  Wheatstone  bridge  Tho  output  of  die  ciro.  it  is  recorded  by  mechanical  linkage 
on  a  synchronous  motor-driven  chart  directly  as  temperature  in  degrees  Fahrenheit.  The. 
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recorders  used  have  three  ranges:  20*  to  70*  ,  40*  to  90*  ,  and  50*  to  100*  F.  'ITie  range 
depends  on  the  values  of  resistors  Inserted  in  Uie  circuitry  (Figure  5.2,  Item  5).  For 
Operation  Hardtack,  the  50*  to  100*  f  range  was  used  because  of  climatological  conditions 
at  LHj. 

The  Foxboro  recorders  were  checked  for  linearity  by  the  .use  of  precision  resistors. 

An  :  tempt  was  made  to  hold  errors  in  linearity  to  i0.1*K,  but  small  aceuraulative  to'orancej 
in  the  pen  liiikige  and  chart  positioning  from  chart  to  chart  may  have  inCicased  the  error 
to  1 0.3*  F^  This  gave  a  systematic  discrepancy  between  the  actual  temperature  and  tiiat 
recorded  but  did  not  affect  indicated  temperatum  changes  once  the  recorder  vos  in  opera¬ 
tion.  Temperature  changes  as  small  as  0.1*  F  could  be  seen  on  the  records.  It  Is  believed 
these  are  real.  Test  readings  of  temperature  on  the  same  record  by  several  persons  agreed 
toi0.1*F. 

5.2.2  Power  Supply.  The  power  supply  employed  lii  the  field  was  a  combination  of  t 
6-volt,  90  ampere-hour  batteries,  wired  in  series,  and  an  Ame.rlcaii  Television  anl  Radio 
Co.  (ATR)  12U/HSF  Invertor.  The  Inverter  changed  the  12-volt  dc  battery  power  to  110 
volts,  fO  cps,  and  *  a  rated  output  of  100  to  125  watts  at  tho  110-voIt  level. 

TIm  i'ruciuBiicy  uiu  ditge  .>utput  of  each  ATR  inverter  were  checked  under  tho  varying 
conditions  o;<pectcd  in  the  fl>;J.  voltages  remained  well  within  the  operational 

limits  for  the  Foxboro  tv  c.dtr  (ilO  porcontl.  Frequency  varied  aboi'* :»  pe-  vent  under 
all  test  conditions,  but  for  Indlvidu".!  li'V''*tor  unit  tlte  repr'jcu  .••.illv/  tva..  j.0.5  peicont. 
The  reproducibility  of  the  frequency  output  of  each  inverter  was  imporluni,  because  the 
chart  speed  varied  with  this  parameter.  Provisions  were  made  to  record  the  minus  1- 
minute  and  the  minus  1-socond  radio  timing  oignols  on  the  edge  of  each  chart.  From  those 
radio  signals  it  was  possible  to  determine  chart  speed  near  zero  time  and  also  zero  time 
itself  with  a  high  degree  of  accuracy.  Chart  speeds  determined  from  these  radio  timing 
signals  and  those  determined  with  a  stable  source  in  the  laboratory  arc  given  in  Table  5,1. 

5.2.3  Mounting  and  Shielding  of  Temperature  Elements.  Tho  Stlkon  sjnsing  element 
(BN-2  thermometer  manufactured  by  Arthur  C.  Huge  Associates,  Inc.,  Hudso.,,  N.  H.)  was 
a  grid  of  One  nickel  wire  (O.OOOS-Inch  diameter)  bonded  Invo  a  paper-thin  Bakelite  wafer. 

The  dimensions  of  Uto  wafer  were  l.S  by  0.5  by  0.005  inrhes.  This  clomont  was 
bonded,  in  accordance  with  instructions  of  tho  clement  manufacturer,  onto  a  stt'lp  of  metal 
0.013  Inch  thick.  The  metal  backing  strip  was  used  to  attach  the  element  to  a  holder. 

Two  types  of  holder  were  used  to  position  the  elements;  these  arc  shown  as  Item  7  in 
Figure  5.2.  A  plastic  h>.Idur  w.os  used  for  the  dry  element  to  provide  as  last  a  response 
time  as  possible.  S!r«e  the  response  of  the  wet  element  is  inherently  faster,  the  stronger, 
more  simply  consCucted  metal  holder  was  used.  After  the  elements  were  bonded  to  the 
backing  strips  and  mounted  on  the  holders,  they  were  waterproofed  with  a  very  thin  coating 
of  Araidite  (manufactured  by  Clba  Company,  Inc.,  New  York,  N.  Y.).  The  required  number 
cf  these  u.iits  plus  an  equal  a»:'>unt  of  spares  were  p^stpared  and  tested  in  the  laboratory. 

The  units  were  designed  so  ».*a>t  they  could  be  easily  chwigeH  In  the  field. 

Two  of  these  sensing  elements,  one  dry-bulb  and  one  wet-bulb,  were  coiU!eL‘o.'  to  each 
recorder  alternately  through  a  cam-operated  microswitch  (Figure  5.2,  Item  5).  The  cam 
was  cut  so  that  thu  dry-bulb  recorded  for  a  period  about  three  times  as  long  os  the  wet>bulb 
(approximately  6  seconds  and  2  seconcs).  The  wet-bulb  element  was  covered  with  a  wickiiig 
that  extended  into  a  reservoir  of  distilled  water.  The  capacity  of  the  roaorvolr  •)cr~'‘*''i 
unattended  operation  for  a  juried  of  several  days. 

The  mounted  elements  were  positioned  in  soparate  compartments  ip  specially  designed 
shields  (Figure  5.3).  These  shields  were  designed  to  give  the  sensitive  elements  maximum 
protection  from  sohsr  radiation  .wd  precipitation  or  hsllout.  An  electrically  driven  fan. 
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v.ilich  furnished  sn  airflow  of  about  11  ft/scc,  was  Installed  below  the  elements  in  each  unit 
to  insure  suffielcnt  ventilation  of  the  elements. 

The  shielding  of  the  elements  against  solar  radiation  and  prceipilalioii  was  uiiuCKed  for 
effectiveness  by  cumpuriiig  recorded  data  with  data  obtained  from  standard  temper.aturc- 
humidity  measuring  instruments  in  standard  Wc.athor  Bureau  instrument  shelters  during 
v.arious  cli-tatic  conditions.  The  system  was  also  given  In  preliminary  field  test  In  the 
Projnet  3.1  trials  off  the  coast  of  California  during  .January  1958.  Tests  wore  tlao  ma'H 
on  the  instrumentation  during  dry  runs  and  trial  operations  of  the  washdown  systems.  It 
'aOs  found  that  tlie  recorded  temperature  and  humidity  were  not  affected  by  the  washdown 
systems  or  by  other  equipment  operutlng  In  the  vicinity  of  the  sensing  elements. 

5.2.4  Assembly  of  Recording  System.  The  recording  system  (Fo.xboro  recorder, 
batteries,  inverter,  and  circuit  panel)  and  associated  components  fur  each  station  were 
enclosed  In  a  waterproofed  sheet  metal  box  measuring  14  by  16  by  34  inches.  The 
Inverter  required  mounting  on  Lord  shock  mounts  to  minimize  oscillations  tiiut  might  (end 
to  Influence  ‘its  vibrator.  Tlio  recorder,  batteries,  and  circuit  panel  were  attached  rigidly 
to  the  sides  and  bottom  of  *  box.  Bight  points  were  provided  on  the  sheet  metal  box  to 
attach  the  shock  cord  whici.  pp'-.el  the  unit.  The  recorder  In  siiock  mount.".  Is  shown  In 
Figure  5.4.  A  block  diugrair  ot  Uiv  circuitry  Is  shown  In  Figure  5.5. 

Each  unit  was  citccked  and  (..''il-rctcd  separately,  then  ali  .uims  tor  a  station  war» 
assembled  and  Calibrated  os  a  system,  In  the '"i'hrotion  of  the  .;'.v  -,  ■ 

sensing  elements  were  attached  to  the  same  cables  that  were  to  be  used  in  tne  field  and 
were  Immersed  In  agitated  water  at  room  temperature.  Since  the  resistance  of  each 
clement  varied  slightly,  the  recorder  was  adjusted  so  that  the  reading  of  the  dry-bulb 
temperature  agreed  with  a  precision  mercury-ln-glass  thermomtter.  At  the  same  time, 
the  value  recorded  by  the  wet-lxilb  was  noted.  The  difference  butwvun  Uie  two  readings, 
usually  2  percent  or  less,  was  applied  as  a  correction  to  each  ot  the  wet-bulb  temperatures. 
U  It  was  necessary  to  replace  a  unit  of  the  system  In  the  field,  the  entire  s}Hteit;  was 
recalibrated. 

5.2.5  Sy.v.em  Posponse.  Wten  s  temperature-indicating  device  of  any  kind,  at  an  Initial 
temperature  T^,  Is  pltted’ln  a  medium  with  a  temperature  Tf .  It  does  not  immediately 
assume  the  temperature  of  the  medium  but  approaches  it  asyniptotlcally  at  a  rate  depending 
on  the  properties  of  the  devica  and  the  medium.  The  change  in  the  Indication  of  the  device 
with  time  is  given  by  Reference  39: 


-i  fr-Tm» 


Where:  T  =  the  Instantenecus  temperature  Indicated  by  the  device,  *F 
•  =  time,  seconds 

\  E  lag  coefficient  of  the  device,  8e<'ond3 
Assuming  that  Is  constant.  Equation  5,4  can  be  integrated  to  yield: 


Where;  e  °  base  of  natural  logarithms,  2.718. 


(S.4) 
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If  t  -  .\  in  Equation  5.5,  ihen 

•r-T„  =  j  (To -Tm)  (&■«) 

«  which  Indicutcs  that  X  is  the  number  of  seconds  required  (or  lliu  dlffetuncc  between  the 

in<''eated  temperature  and  temperature  of  the  medium  to  bo  reduced  to  l/e,  or  37  percent 
of  its  initial  value. 

Another  term  frequently  used  in  temperature  measurements  is  the  “time  constant", 

„  wiiich  is  the  period  of  time,  in  seconds,  required  for  a  device  to  reach  a  given  percentage 

of  the  total  temperature  change.  As  defined  here,  the  lag  coefficient  X  i’  equal  to  the  63- 
percent  time  constent  and  2.3X  is  equal  to  the  90-porcent  time  constant. 

if  a  temperaturo  ch.ange  from  Tq  to  Tnj  occurs  os  f  stop  function  and  X  is  known, 
can  be  calculated  (tom  the  temperature-versus-tlme  curve  on  a  recorder.  It  is  ulsu 
possible  to  Integrate  Equation  5.4  and  calculate  the  actual  temperature  from  the  recor  ' 
values,  if  is  a  linear  or  periodic  function  of  time. 

The  Foxboro  recorders  are  capable  of  full-scale  response  in  1  second.  However,  the 
response  of  the  r<  -ding  instrument  is  limited  by  the  response  of  the  sensing  elements, 
which,  in  turn,  is  v  -.‘ndfiii  on  a  number  of  factors,  such  as  the  method  of  mou.iting,  the 
thickness  c(  the  wate  proof  coating,  the  shielding  of  the  elements,  and  the  veloulty  of  the 
air. 

Tlie  respunsu  time  of  >lio  Har’dlack  i—d.runHinlulIon  was  Jeie.'ii,-,.,,!  ,'  oodi  a  rise  and  a 
decrease  in  temperaturv .  Several  temperature  differences  were  used.  Two  cnoloaui-es 
^  with  different  temperatures  were  employed.  The  assembled  element  and  shielding  were 

placed  in  one  of  the  enclosures  and  allowed  to  stabilise  at  th.U  temperature.  Then,  when 
the  recorder  indicated  that  the  elements  and  shielding  were  i.i  equilibrium,  they  wore 
transferred  quickly  to  the  second  enclosure.  The  time  requited  for  the  sensing  element 
^  and  shielding  to  stabilize  at  the  temperature  of  Uvr  *econd  enclosure  was  obtained  from  the 

timed  chart  of  the  recorder  being  tested.  The  63-porcont  and  90-percent  time  emstants 
obtained  for  the  recorders  and  the  elements  In  various  mountings  and  conditions  are  listed 
in  Table  S.2.  Figure  5.6  shows  the  response  curves  for  the  dry  and  wet  bulbs  and  the 
recorder  as  used  during  Operation  Hardtack. 

5.3  FIELD  OPEIIATIONS 

The  recorders  were  located  singly  to  produce  os  much  data  as  possible.  For  ewh  shot, 
one  recorder  was  placed  as  near  to  the  burst  as  possible  In  the  upwind  directlun  from  sur¬ 
face  zero  and  ai  a  locution  expected  to  be  outside  of  the  base  surge.  This  w,is  to  be  used  as 
a  control  to  measure  ambient  conditions  for  the  duration  of  the  recording.  The  remaining 
recoiders  were  placed  In  the  expected  downwind  direction  from  surface  zero. 

On  floating  stations  tlie  recorders  wev*  shoe!:  mounted  on  or  below  decks  (Figures  5.4 
'"d  5.7)  with  the  shielded  sensing  elements  mnunlKd  on  masts  above  the  washdown  spray 
(Figures  3.8  and  5.9).  Recorders  (or  the  Islaiid  stations  were  placed  on  the  ground  and  were 
.sandbagged  against  possible  wave  actiim.  (he  .shielded  sensing  elements  wer'  vounted  on 
masts  about  2C  feet  above  the  ground  level.  Tt  *  Island  stations  were  chusen  so  that  they 
would  ba  several  feet  above  tlie  hlgh-tlde  level  and  clear  of  obstructions  In  the  dlrccil.'n  of 
surface  zero. 

The  three  target  destroyers,  which  were  to  lie  used  on  both  shots,  *ore  Inst'emv-.ioq  (n- 
Project  1.3  personnel  during  January  1958  at  the  Long  Beach  Navol  Shlpyarn,  long  Beach, 

*  California.  The  remaining  installations  were  completed  it  EPG.  Prior  to  installation  a 

the  station  locai.lons,  each  instrument,  witii  the  exception  of  those  on  the  target  destroyers, 
was  completely  assembled  and  calibrated  at  Site  Elmer.  L'nits  aboard  the  target  destroyers 
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were  serviced  and  calibrated  in  their  mounted  position  in  time  to  participate  in  the  va'lces 
required  trials  and  power  runs.  The  systems  were  given  final  tests  and  sealed  (or  Shot  Wahoo 
on.  like  last  2  days  before  the  test.  Power  was  turned  on  at  all  stations  by  the  .ninus  30  minute 
radio  signal.  The  locations  of  the  temperature-humldlty  stations  for  .Shot  V/ahoo  are  shown  in 
Figure  5.10. 

Alter  Shot  Wahoo,  as  soen  as  the  instrument  stations  were  declared  radiologically  safe,  the 
paper-roll  ciurts  were  removeil  from  the  recorders,  and  the  recorders  that  were  to  be  trans¬ 
ferred  for  Shot  brnbrella  were  moved  to  Site  Klmer  for  checking  and  calibration.  Tiie  recorners 
were  then  taken  to  the  various  stations.  The  recordeis  aboard  the  destroyers  were  left  in  po¬ 
sition.  These  were  also  checked  and  calibrated  prior  to  Shot  Umbrella.  All  elements,  r. nlclds, 
and  cables  used  on  Shot  Wahoo  were  discarded  because  of  contaminatlcn  and  were  replaced  for 
Shot  Umbrella. 

On  the  final  two  days  before  Shot  Umbrella,  the  recording  systems  were  given  final  tests 
and  were  sealed.  After  Shot  Umbrella,  as  soon  as  the  stations  were  declared  radiologically 
sale,  the  charts  were  removed  from  the  recorders.  AU  installations  were  then  disassembled 
and  the  equipment  was  transferred  to  Site  Elmer  and  prepared  for  shipment  to  NOL. 

Figure  5.11  shows  the  locations  of  the  temperature-humidity  stations  for  Stiot  Umuirlla. 

The  exact  positions  of  alt  st  ‘inns  (or  Shots  Wahoo  and  Umbrella  are  listed  in  Table  5.3. 


T.\BLE  5.2  EFFECT  OF  V.AJUOL'S  COKDITIONS  ON  T.HE  RESPONSE 
TIME  OF  FOXBORO  RECORDER  AMD  ELEMENTS 


Timo  Constant: 

<)3  |)ct 

00  pet 

Effect  of  airflow  on  rctponso  time  (element  un- 
coated*  unmounted*  and  uMhleldc‘d)i 

8CC 

i':c 

sun  air 

4.0 

9.2 

Airflow  cf  5  ft/sec 

3.1 

7.1 

Alrllow  of  10  ft/Mc 

Effoet  of  coating  and  mounting  on  retponao  tl-no- 
(eloment  mounted  and  conatant  airflow  of  10  to 

13  ft/aec); 

1.7 

4.0 

Element  uncoated,  mounted 

. 

In  plaatle  holder 

Element  coated*  mounted  in 

9 

38 

oiutio  hol*::!ir 
^‘lemont  coated,  mounted  In 

10 

metal  holder 

27 

90  to  94 

Effect  <-f  ',-.id<.r  ‘.i  ayator.i  used  In  tho  field 
(element  coated,  moui\leu,  a.nu 

* 

Eloment  mounted  in  plaatic  holder 

14 

4i 

Eluinent  mounted  In  metU  holder 

39 

95 

T.ABLE  5.3  TEMP£R.\TU'RE -HUMIDITY  RECORDING  STATIONS 


Station 

Distance  from 
Surface  Zero 

Bearing  from 
Surface  Zero 

Heights  of  ■ 
Elements 
Above  Water 

feet’ 

feet 

Shot  Waboot 

VC-1 

.3.413 

31»  39' 

21.5 

DO- 174 

2.900 

345*  04' 

S2 

YC-5 

4.337 

251*  04' 

22.5 

»D-59s: 

4.900 

250*  45' 

62 

YC-C 

6.250 

248*  52' 

23 

VC -7 

7 

247*  ,3?' 

22..6 

DO-593 

8.900 

245*  56' 

62 

VC-9 

9  883 

*  248*  52' 

24 

Shot  Umbrolla: 

• 

YFN3-12 

2,350 

$»•  05' 

.  49 

DD-474 

1,900 

245*  41' 

62 

OD-592 

c.ooo 

248*  27' 

62 

SS-Earrc 

5,624 

251*  15', 

28.5 

DD-.S93 

7,900 

949*  12' 

62 

Site  Henry 

10,350 

2or 

20 

Site  Irwin 

11,700 

dSl*  ■ 

1  A 

4» 

Site  James 

14,700 

20 

Site  Keith 

18*780 

265* 

22 
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1.  COVER  FOR  SWITCHING  MECHANISM  AND  RESISTOR  BOARD 

2.  FAN  AND  BASE  OF  SHIELD 

3.  RESERVOIR  AND  MAIN  SECTION  OF  SHIELD 

4.  TOP  OF  SHIELD 

5.  SWITCHING  MECHANISM  AND  RESISTOR  BOARD 

6.  WET-BULB  WICKIN6 

7.  ELEMENT  HOLDERS 

Figure  S.2  Tomporaiure  elements  and  associated  parts. 
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Figure  5.5  Block  Uiagrata  of  temperature-humidity  nicorder. 
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HKSIU.TS  OF  TEMPERATUHE  AND  HUMIDITY  MEASUREMENTS 


6.1  SHOT  WAHOO 

For  Shot  Wahoo,  the  reconlors  Uiriitighout  the  wray  were  triggered  prematurely  when 
improper  radio  timing  signals  were  transmitted  on  the  dny  boloru  tlie  sliul.  By  liiu  limn 
It  was  learned  tliat  these  signals  had  been  transmitted,  It  was  loo  late  to  reactivate  al*  ut 
the  rccurdhrs.  EHorts  were  made  on  D-day  to  put  a  limited  nuin'oor  of  ihusu  stations  In 
operating  conditio  i.  with  priority  given  to  the  three  DD's,  the  upwind  YC-1,  and  the  extreme 
downwind  YC-9.  re<‘''r'ters  on  the  DD-592  and  DD-;74  did  not  operate  during  the  shot 
becouso  o(  a  failure  i  the  radio  timing  signals  at  these  stations,  and  it  is  believed  that, 
the  recorder  on  the  >C-1  failed  boeauso  of  woulc  ba‘t''*'ios  Howev.ir,  wot-  and  dry-bulb 
temperatures  wore  ‘liaained  on  the  DD-593  and  the  YC-‘J  (T.ib|i*  (t  1!. 

Since  the  base  surge  wus  toroidal  in  shat>e  on  both  shots,  r  stat,-r.  downwinrl  from  sur¬ 
face  zero  could  indicate  two  surge  arrivals  and  two  departures.  Those  arc  called  the 
arrival  of  the  leading  edge,  the  departure  of  the  downwind  inner  edge,  the  arrival  of  the 
upwind  Inner  edge,  and  tlie  departure  of  the  traJlbg  edge.  Also,  the  arrival  and  departuro 
of  fallout  could  occur  at  a  downwind  station  between  the  times  of  passage  of  the  inner  edges 
of  tho  surgo. 

Times  of  arrival  of  tho  loading  edge  of  the  base  surge  at  the  instrument  stations  were 
determined  visually  on  both  shots  by  one  of  the  Project  1.3  personnel  In  a  photographic 
aircraft.  TIiosc  times  wore  checked  by  examining  the  aerial  I'hotographs.  In  addition, 
times  of  arrival  and  departure  of  distinct  portions  of  tho  surgo  and  fallout  could  lx»  estimated 
by  photographic  means  and  from  tho  contour  plots  of  Chapter  3.  TIiosc  timo.s  arc  Indic.'itcd, 
where  possible,  on  tho  figures  in  this  chapter. 

Figure  0.1  shows  tho  wot-  and  dry-bulb  temperatures  and  relative  humidity  recorded  at 
tho  DD-S93  for  Shot  Wahoo  for  tho  period  from  1  minute  prior  to  shot  time  to  23  minutc.s 
after.  The  readings  have  been  corrected  for  tho  variations  in  time  duo  to  frequency 
fluctuiitlons  in  the  power  supply.  No  correction  for  response  of  tho  system  was  attemptod 
on  this  record  because  of  tho  very  largo  number  of  minute  fluctuations  in  tho  dry-bulb 
temperature.  It  is  believed  that  these  fluctuations  were  duo  to  hot  gases  from  tho  ship’s 
stoclt,  which  mixed  with  tho  turbulent  air  and  passed  over  tho  elements.  Tho  sensing 
elements  wore  mounted  14  feet  above  and  18  feet  downwind  of  tho  stack.  Photographs  of 
the  DD-S92  taken  from  tho  DD-728  showed  largo  amounts  of  dark  smoke  rising  from  tho 
stack  immediately  after  tho  burst  and  driPtng  In  tho  general  direction  of  tho  sensing  elements 
at  that  station,  lending  support  to  the  belief  that  this  alsu  occurred  on  tho  DD-d'j;:. 

Visually,  tho  surge  was  nstimated  to  arrive  at  the  DD-S93  at  140  seconds  after  SZT. 
Estimates  based  on  tho  phutogiaphs  ranged  from  130  to  169  seconds.  The  dry-bulb  temper¬ 
ature  curve  indicated  a  rise  of  2,8*  F  at  130  Rmiouds  after  tho  burst  and  fluctu,itcd  sharply 
between  extremes  of  about  83.0*  and  87.0*  F  until  approximately  190  seconds,  ••vnen  tne 
oscillations  became  smaller  in  amplitude,  al  appioximately  prushot  levels.  At  i.7  minutes 
after  the  burst,  tho  temperature  rose  rapidly  and  then  oscillated  between  extreraos  of  87.8* 
and  95.7*  F  until  about  12  mbiutes,  when  it  droj-ped  below  88.0*  F,  reaching  a  minimum  of 
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8C.3*  F  at  13.8  minutes.  It  then  rose  sharply  again  and  exceeded  the  range  of  the  instn 
nicnt.  It  declined  rapidly  after  1C.8  minutes  and  begun  to  level  off  at  20  minutes,  slowly 
returning  to  ambient  values  thereafter. 

The  temperature  rise  that  occurred  when  the  base  surge  arrived  possibly  indioa'ed  that 
the  leading  edge  of  the  surge  was  warmer  than  the  ambient  air.  This  temperature  change 
was  on  the  order  of  magnitude  that  could  bo  expected  from  the  heating  of  tl.e  water  by  the 
nuclear  cxplosi'in.  The  exact  amount  of  heating  c.annot  be  determired,  becu'ise  die  oi-igin 
of  the  water  In  the  base  surge  is  not  known.  i;ow<»TOr,.the  source  was  probablv  a  la/cr 
between  the  surface  and  the  depth  of  burst,  which  included  surface  water  at  on  initial 
temperature  of  82.0*  F  and  the  colder  water  beneath  it. 

As  sl'.own  in  Figure  6.1,  the  instruments  were  in  clear  spaces  between  the  surge  lobes 
between  lS2.and  1S9  seconds  and  between  215  and  247  seconds.  The  temperature  dropped 
slightly  during  those  intervals.  The  time  of  dupurluru  of  tlie  downwind  inner  edge  could 
not  be  determined  liecauso  of  the  ragged  nature  of  the  surge.  In  general,  because  of  the 
probable  influence  of  turbulent  mixing  with  the  hot  stack  gases  on  the  surge  temperature, 
the  dry-bulb  record  at  thr  OD-593  cannot  bo  considered  to  bo  quantitatively  useful. 

The  high  temperature^  >ween  8,7  and  12  minutes  can  probably  bo  attributed  to  a  general 
downward  mo'lon,  or  subsu  ig  air.'iow.  This  settlement  w.is  prob.ibly  Initiated  by  the 
falling  primary  and  si!eunda,y  niunics,  and  may  have  continned  after  thu  water  In  llio  plumes 
had  fallen  out  or  had  evaporjtej.  *ha  record  provides  evidence  that  the  sta'  '■  gate  were 
.normally  above  the  temperature  elements,  lua  uc.-.  warrled  down  by  the  .<  ’’oul. 

The  higher'tcmporatures  recorded  belwuuii  2,8  and  18  minutes  cait  bo  attributed  to  thu 
passage  of  the  upwind  portion  of  tlio  base  surge.  Althougii  it  was  poorly  defined  and  barely 
visible  from  the  air  at  these  times,  a  greater  settlement  or  fallout  rate  was  Indicated  for 
the  upwind  surge  cloud  at  late  times  tlian  for  tho  plumes.  An  extrapolation  of  the  curvo  for 
thu  liase  surge  upwind  trailing  eilgc  in  Figure  3.23  to  tho  distance  of  tho  DD~S93  gives  a 
departure  time  of  16  minutes,  which  Is  consistent  with  tho  rapid  decline  in  temperature 
starting  at  16.8  minutes. 

Tlio  wet-bulb  temperature  record  was  smoother  because  of  tho  slower  response  lime  of 
the  mounted  element,  which  tended  to  eliminate  tho  high-frequency  fluctuations.  However, 
tho  curvo  was  similar  Jn  shape  to  tho  dry-bulb  curve.  Indicating  a  rise  tc  77.7*  F  at  3u.'80 
arrival  and  showing  largo  rises  duo  to  the  fallout  from  tho  plumes  and  upwind  base  surge. 
These  rises  are  not  quantitatively  useful  for  interpreting  explosion  effects  because  of  the 
unknown  influence  of  the  stack  gases.  Tho  relative  humidity  curvo  Is  also  of  very  limltc.1 
value  bacausc  of  tills  factor. 

Wet-  and  dry-bulb  tnmperntura  and  relative  humidity  records  obtained  al  the  YC-9  are 
presented  In  Figure  6.2.  Tho  records  have  been  corrected  for  time  variations  due  to 
fluctuations  In  tho  power  supply  frequency,  Tho  temperature  rise  to  81.2*  F,  starting  at 
160  seconds,  was  consistent  with  tho  earliest  estimated  surge  arrival  time  of  161  seconds. 
This  small  rise  (0.3*  F)  provides  further  evidence  that  the  leading  edgo  of  tlio  surge  was 
heated  b>-  tlie  explosion,  since  the  YC-9  was  a  barge  'viih  no  stacks.  Tho  temperature  then 
fell  to  a  minimum  of  79.7*  F  at  216  second.^  after  the  burst,  ami  shewed  only  gradual 
changes  thereafter,  mostly  between  levels  ot  80*  F  an.1  81*  F.  The  gradual  decline  ..a 
temperature,  which  started  at  11  minutes  and  reached  a  minimum  of  80.0*  P  at  13.1 
minutes,  was  probably  caused  by  the  ’’cstiges  of  fallout  and  the  upwind  portion  of  the  base 
surge.  Tne  cooling  eifcct  was  produced  by  Uie  evaporation  ot  the  .surge  droplets.  Thr. 
return  to  tho  ambient  value  at  1S.8  minutes  probably  bidicatcs  the  departure  of  the  s-  rg. 
trailing  edgo.  Considering  the  diffuse.  Irregular  r.atvi^  of  this  boundary,  particulaily  at 
late  times,  this  result  is  reasonably  comslstent  with  tho  time  of  17  minutes  obtained  by 
an  extrapolation  of  the  upwind  trailing  edge  of  the  suigo  to  a  radius  of  9,883  feet  on  the 
downwind  a.x  s. 
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'  >vt-butb  Uimpuratuio  rose  at  the  YC*9  v4icn  the  surge  arrived;  again,  tnis  was 
prcbaSii,  '»o  to  the  early  hetMliig  of  tl4e  watur  Uial  uiiieruu  ihc  surge.  Its  pew  value  of 
7S.7*F  was  1.6*  above  thcambient  level.  The  only  significant  drop  in  wot-bulb  temper¬ 
ature  before  the  final  departure  of  the  surge  occurred  between  4  and  5  minutes  after  the 
Imrst,  when  a  minimum  of  74.1*  F  was  -eached.  This  interval  of  low  levels  is  consistent 
with  the  two  periods  shown  on  Figure  6.2,  when  the  yc-9  was  in  clear  spaces  between 
surge  lobt's;  230  to  270  seconds  and  278  to  302  seconds  after  SZT. 

The  curves  in  Figures  6.’,  and  6.2  were  not  corrected  for  the  response  time  of  the 
sensing  elements  and  shielding,  since  an  approach  to  a  step  change  probably  occurred  only 
at  the  arrival  time  o'  the  loading  edge  of  the  base  surge.  Corrections  to,'  response  were 
m-ailo  at  this  time  *  <  prepare  a  corrected  relative  humidity  curve  toi'  the  YC-9,  which  is 
shown  in  Figure '  ..1.  The  complete  DD-S93  curve  is  rlso  included  in  this  figure,  though 
no  response  cor.cotions  have  been  made  because  the  humidity  values  arc  not  reliable.  Tlio 
maximum  relative  humidity  indicated  at  the  YC-9  was  85  percent,  occurring  12  scconw 
after  surge  arrival.  Tho  relative  humidity  remained  above  the  ambloni  level  until  after 
the  surge  had  departed. 

Within  the  ronp  error  in  the  time  determinations,  the  first  changes  at  tho  Wahoo 
(eiiii.vimutv-humii.  inv.uiacnts  coincided  with  the  arrival  ot  Uie  visible  basu  surge. 

Tho  loading  edge  of  t  .u  sur;,e  was  warmer  lhan  the  surrounding  air,  but  the  exact  amount 
of  heating  is  not  known  !  .“■''use  of  the  paucity  of  data  and  the  uncertal-tv  of '  'udings  at 
the  LO-S93.  Tho  evaporation  of  thii  dr^-Ifti  In  tl.o  surge  gra-Jeanv  i,n,-.uccu  a  cooling 
oflect  and  led  tn  a  lowering  of  temiieraturo  below  ambient  and  a  raising  of  rrlativn  humidity, 
but  tho  limited  measurements  moke  It  impossible  to  study  those  effects  in  detail  on  Shot 
Wahoo.  in  general,  tho  extrapolated  motion  of  tho  trailing  upwind  edge  of  the  surge  shown 
ill  Figure  3.23  seems  to  ho  verified. 

0.2  .SHOT  UMBRELLA 

For  Shut  Umbiella,  ail  recorders  were  activated  at  the  proper  time,  und  timing  signals' 
were  received  at  oil  stations.  Complete  rccerds  were  obtained  from  six  of  tho  nine  toir.por- 
atuni-hiimldlty  rocordors,  and  a  partial  record  was  obtained  from  tho  recorder  located  on 
the  DD-474,  whore  cables  holding  tho  oonsing  element  shelter  on  tho  m.ist  were  cut  by 
flying  debris  about  37  seconds  after  2cro  time.  Tho  Instruments  failed  to  record  data  at 
Site  Henry  and  or,  the  DO-592,  l<*eniisa  tho  charts  Jammed  on  the  ds'lvo  sprockets  prior  to 
shot  time.  This  was  caused  by  a  combination  oi  a  malfunction  of  the  chart  takcup  mech¬ 
anism  und  tho  otfocts  of  tho  weather  cn  tho  rolled  paper  charts. 

Figures  6,4  Uirouglk  6.10  ore  curves  showing  wet-  and  dry-bulb  temperatures  and  rel¬ 
ative  humidity  as  functions  of  time  for  each  station.  Tho  significant  results  arc  summar¬ 
ized  in  Table  6.2.  At  the  surge  arrival  time,  a  rise  In  temperature  was  recorded  by  the 
Wot  bulb  at  all  stations.  At  closo-In  stations,  tho  dry  bull,  recorded  a  rise  in  temperature 
tnllowcd  by  a  decline;  at  more  distant  stations,  only  a  sharp  decline  was  recorded. 

In  Figure  6.4,  which  is  a  plot  of  the  data  from  the  recorder  on  the  YFNB-12,  the  only 
upwind  station,  the  time  of  surge  arrival  indicated  by  photography  was  about  C'  i  acond.. 
after  SZT.  Both  the  dry-  and  wet-bulb  temperatures  started  to  rise  at  this  time.  Tho 
drj'-bulb  temperature  rose  to  64.1*  F,  then  icll  below  ambient,  starting  its  decline  about 
40  seconds  after  tho  burst.  Tho  wet-bulb  temperature  rose  and  fell  more  slowly,  having 
a  peak  value  ot  80.4*  F  at  53  seconds  after  SZT.  Tho  Illustration  Indicaies  a  lo-cr  •'  ;  ‘vi'*' 
than  wet-bulb  temperature  between  1  and  2.5  mlniims,  a,;  eifect  mooi  likely  royJ'ing  from 
tho  slower  response  of  the  wot  bulb.  The  tcir.petaturo  reached  a  plateau  of  77.4*  F  about 
3  minutes  after  tho  burst.  It  showed  later  fluCuatlons  and  slowly  returned  to  the  ambient 
level,  which  It  reached  at  30  minutes.  Tho  wct-uulb  record  fluctuated  about  a  level  a  few 
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tonth'*  Ilf  n  riiigriMi  .iliovn  aniliicnt  afU;r  alwut  4.5  minutes.  A  relative  humidity  of  100 
pOiCCiit  was  OuaOrVOu  at  ahOut  SO  oOCOituS  foilOVv'lng  t!iC  titiiO  Of  SUl  at  ViVat. 

I'he  72’  surge  rauius  curve  presented  ir.  Figure  4.18  indicates  that  tlie  trailing  upwind 
edge  of  the  surge  should  have  p.assed  the  YFNB-IS,  which  was  at  a  Iwaring  of  r>8*T,  .alviut 
214  seconds  after  S2T.  This  is  ccnsistc'-t  with  the  Icvellng-otf  of  the  temperature  record 
after  U  miputes.  However,  the  upwind  edge  of  tlie  surge  was  not  sharply  defined, -and 
ragged  patches  of  inl.st  could  be  ob  erved  at  the  surface  licyond  the  main  body  <>  ihe  snege. 

In,  addition,  the  yFNB-12  was  in  the  foam  patch,  which  seemed  to  produce  a  con.siderable 
amount  ot  airborne  spray,  possibly  by  the  action  ol  the  wind  on  its  tuam-covered  su'tacc. 
This  foam  patch  spray  seemed  to  augment  Uio  base  surge  at  low  levels  and  hulpeil  to  produce 
Us  long  trailing  edge.  Tlie  trailing  mist  probably  accounted  for  tlie  failure  of  the  instn'ments 
to  .show  a  rapid  return  to  ambient  readings. 

Figure  0.3  is  a  plot  of  the  data  from  the  temperature  recorder  located  on  the  DD-4T4, 

1,900  feet  downwind  from  surface  zero.  This  brief  record  is  similar  to  the  record  obtained 
on  the  YFNB-12,  Imtieating  a  dry-bulb  temperature  rise  starting  at  19  seconds  and  reach¬ 
ing  a  value  of  83.0*  F,  This  was  attained  at  22  seconds;  it  was  fullowed  hy  a  steaily  tompur- 
aturu  decline  until  the  elo*  •'■'t  aablns  wore  cut  at  37  seconds.  Tno  wet-bulb  temperature 
stat'tod  to  iTsu  butween  14  2-:  ....uids,  and  was  still  liicrcaslni,-  when  ilto  In.strumunt 

stopped  operating.  The  time  jf  h'li'jO  arrival,  determined  visually,  was  IS  seeuiids — a 
value  consUtint  with  fbo  tliiwv  f  >«in!ierature  rise. 

Wet-  and  dry-bulb  temiHiralari-s  ivcorded  at'iho  55-biirgo,  5,024  fc.t  .-■•ua'a-  .  mu 
surface  zero,  are  shown  in  Figure  G.C.  The  dry-bulb  temperature  started  lu  tall  at  03 
secunds  after  the  burst,  roaihing  a  minimum  of  75.2*  F  (0.4*  below  ambient  tomiHiratiire) 
at  137  seconds.  Stot'ting  between  00  and  00  seconds,  the  wct-bulb  temperature  began  to 
rise,  reaching  77.3*  F  (2,4*  .tbovu  ambient)  by  72  seconds  after  the  burst.  It  subsequently 
dropped,  leveling  off  at  73.4*  F  at  150  seconds.  Tho  dry-bulb  temperature  gradually  re¬ 
turned  to  ambient,  which  it  reached  25  minutes  after  the  burst.  The  wet-bulb  temperaturu 
fluctuated  abo>it  a  value  cleso  to  the' ambient  value  after  about  11  luiimtcs  following  the 
burst,  A  brief  period  of  100-pcrcont  relative  humidity  was  ubsorvod,  starting  at  apprnvl- 
nutoly  CO  seconds  after  the  burst.  The  time  of  surge  arrival,  recorded  from  a  visual 
observatlo',1,  was  00  seconds,  which  agreed  rcaaunably  well  with  a  subsequent  check  of 
photographs.  Tho  records  do  not  show  any  uleur-cut  Indication  of  tlie  passage  uf  the  down¬ 
wind  Inner  edge  of  tho  surge.  However,  the  slight  temperature  oscillation  between  2  and 
3  minutes  may  Indicate  the  passage  of  fallout.  An  extrapolation  of  tlie  surge  radius  curve 
for  tho  72*  bearing  shown  in  Figure  4.18  to  tho  downwind  position  of  the  55-bargo  Indicates 
a  departure  time  of  Uiu  surge  trailing  edge  of  alwut  lO.S  minules.  This  general  result  is 
similar  to  that  attainud  at  tho  YFNB  ■12,  In  that  a  cooling  effect,  probably  due  to  the  presence 
of  mist  and  spray  trailing  well  lichind  the  main  body  of  the  surge,  is  indicated.  Tills  cooling 
effect  persisted  at  tho  55-barge  for  about  14  minutes  after  tho  departure  of  the-vlsiblo  surge 
trailing  edge,  possibly  caused  by  air  thrl  hud  passed  across  the  foam  patch. 

Aeeiirdlng  te  a  visual  observation  at  die  test  site,  the  base  surge  arrived  at  tho  DD-593 
at  87  seconds  after  S»T.  The  dry-bulb  temperature  at  this  station  started  to  drop  at  85 
seconds  and  reached  a  minimum  of  73.2' F  (3.'**  below  anbicnl)  by  1G2  seconds  after  the 
burst,  as  shown  in  Figure  6.7.  Tlie  wct-bulb  temperature  started  to  rise  between  84  and 
95  seeends  uHur  liiu  buisl,  attaining  u  |>c,lk  value  of  76,3*  F  (1.2*  F  alievo  ambient)  by  107 
seconds.  The  relative  humidity  reached  85  pel'ceiit  at  2  minutes,  indicating  tiiat  tho  base 
surge  was  no  longer  saturated  at  tho  location  of  the  DD-593,  7,900  feet  froni  siirf.acc  ze'u. 

At  thin  flUtanec,  tile  siurgo  had  doubtless  become  diluted  by  mixing  with  t!-.'  ambient  air. 

The  departure  of  the  downwind  inner  edge  of  the  surge  at  about  141  seconds  was  not  indicated 
by  significant  changes  in  the  temperatui'e  curves. 

At  later  times,  the  curves  in  Figure  6.7  probably  do  not  give  a  correct  nidicatien  of  tlie 
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tumporaturo  ajid  humidity  of  the  surge,  as  this  was  tho  samu  station  that  rijpor'k'd  '.■.xtremely 
high  tOiiiiAjiituius  oa  Saul  Waiioo  (Figure  G.i).  Ko.such  high  temperatures  were  rccorecU 
■at  late  times  by  any  cth.cr  station.  The  sharp  lemperaluro  rise  'X  altoi't  31G  seconds 
(Figure  (>.7)  was  prohalily  assoei.ated  with  failtjui,  and  tne  larger  rise  at  458  .seconds  followed 
«  the  arrival  oi  the  upwind  inner  edge  of  the  surge,  whieh  occurred  at  440  seconds.  As  in 

Shot  Wahoo,  the  results  arc  consistent  with  subsiding  motion  in  both  of  Uiesc  areas.  This 
is  o.xpectod  in  the  fallout  region.  It  probably  indicates  a  decay  of  tlie  !".'  ')ule.>'';e  in  the 
surge  several  minutes  after  the  burst  and  a  subsc()ucnt  gradual  settling  out  of  the  water 

*  drops  that  remain.  Since  tiie  temperature  record  did  nut  rise  at  the  time  ri  surge  arrival, 
there  was  probably  a  not  upward  vertical  motion  in  the  surge  at  early  times.  Inasmuch  as 
the  ambient  temperatures  at  the  DD-593  wen?  in  pgree.n'cnt  with  the  values  recorded  at 
other  stations.  It  is  evident  tliat  the  stack  gases  did  not  affect  the  readings  prior  to  the 
shot.  An  extrapolation  of  the  surge  radlus-tlmo  curve  for  the  72*  bearing  in  Figure  4.13 
to  the  downwind  position  of  the  00-593  Indicates  a  departure  time  of  the  upwind  trail!' 

edge  of  the  surge  of  about  12,5  minutes.  As  at  the  closer  stations,  the  temperature  remained 
below  ambient  levels,  and  the  wet-bulh  temperature  fluctuated  near  the  ambient  value  after 
this  time,  return  to  preshot  values  at  25  minutes  after  tho  burst. 

Char.gcs  of  a  !>  r  r.„.„  dtude  wciu  Shuen  u;.  Uio  Siie  Irwin  records  (Figure  O.s),  obtain¬ 

ed  11,700  feet  almoi .  diret  ’ly  downwind  from  surface  zero.  The  photographically  uhserved 
•  time  of  surge  arrival  Hi  to  145  seconds  Is  consistent  wiui  iJic  droo  in  ti'mperature  start¬ 
ing  at  147  seconds  a;.d  the  .isc  In  wet-hj'lb  temperature  startl.i.,  »•.,  a.-.(l  150  seconds. 

The  visually  estimated  time  of  surge  arrival  of  155  seconds  was  possibly  In  error  because 
f  of  tho  poorly  defined  loading  edge  of  tho  surge.  Tho  wot-bulb  temperature  foil  below 

ambient  when  tho  downwind  inner  edge  departed  at  201  sccu.ida. 

Tho  rirlativo  humidity  at  Slto  Irwin  roauhud  a  pe^  of  83.7  percent  about  3.1  minutes 
uftor  tho  burst. 

^  About  4.7  minutes  after  the  burst,  hhe  dry-bulb  temperature  startod  to  climb  slowly 

toward  tho  ambient  lovol.  This  value  was  mil  ruHonod  until  14  mmutes  alter  the  shot,  and 
tho  temperaturo  remained  almost  constant  after  14.3  minutes.  Howevor,  thu  wul-bulb 
Uimpuraturo  fluctuated  at  levels  si!g.htiy  above  ambient  oven  after  13  minutco  from  the 
tlmo  of  tho  slwt.  An  extrapolation  of  tho  trailing  upwind  nilgcj  of  tho  tlmhi-nlln  surge, 
as  shown  in  Figuru  4.20,  to  tho  bite  irwm  posinon  indicates  a  departure  time  of  iS.O 
minutes.  Though  tho  ovidonco  is  hot  concluslvo,  it  appears  that  the  shallow  trolling  layer 
still  existed  at  Site  Irwin,  though  It  was  probably  no  longer  visible. 

It  was  estimated  visually  that  the  base  surge  arrived  at  Site  James,  14,700  feut  from 
surface  zoi'u,  at  210  seconds  (Figurc.G.9).  llowovor,  tho  first  significant  dry-lxilb  Uunper- 
aturc  drop  slutted  at  259  seconds,  tho  temperature  reaching  a  minimum  of  80.0*  F  (1.7* 
below  ambient)  70  seconds  later.  The  wet-bulb  temperature  rose  to  75.2*  F  (0.7*  aliovo 
ambient)  at  about  the  same  time.  Tho  49-sucond  discrepancy  between  the  visual  arrival 
time  and  the  time  of  temperature  drop  is  not  understood.  Possibly,  the  leadh  g  edge  of 
the  surge  was  above  tlie  surface  in  the  vicinity  of  the  islands.  As  seen  from  the  aircraft, 
tills  would  give  the  appearance  of  tho  surge  arriving  at  a  station.  In  addition,  the  ragged. 
Irregular  nature  of  the  surge  when  it  rcauiiod  the  Islands  contributed  to  lltc  d’'f!eulty  In 
^  determining  times  of  arrival. 

The  relative  humidity  rcachea  78.5  percent  after  tho  surge  arrived,  a  value  considurably 
loss  than  recorded  closer  to  the  burst. 

Tho  departure  of  the  downwind  inner  cogo  o:  tne  Paso  surge  at  33u  seconds  ■'-t 
iiuUcated  by  any  sudden  change  on  the  temperature  records.  Ifui.wVcr,  the  drv-lwlb 

*  temperaturo  gradually  rose,  then  leveled  off  for  about  2  minutes  after  the  arrival  of  the" 
upwind  inner  edge  of  tho  surge  at  9.3  minutes,  then  climbed  slowly  and  reached  the  ambient 
value  13.8  minutes  after  tho  burst. 
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between  C  and  O.S  mInuU5,  tiie  wct-lu!b  Usniperulure  nudualud  uround  a  value  possibly 
0.5*  beiow  ambient,  then  rose  from  73.6*  to  74.7*  F  In  35  seconds  with  the  arrival  of  the 
upwind  inner  edge  of  the  surge  and  continued  to  oscillate  about  the  ambient  wet-bulb  temper¬ 
ature  theruaflur. 

A  dircci  extrapolation  of  the  surge  motion  along  the  72*  -to-252*  a:ds,  as  determined 
from  surfr  :o  photography,  indicates  a  departure  of  the  trailing  edge  of  the  cargo  mist  from 
Situ  James  at  VS.S  minutes  after  the  burst.  Since  the  dry-bulb  tcmper.itiuc  rc.^incd  t,> 
ambient  level  at  13.6  minutes,  it  appears  that  this  oxtrapolaticn  is  not  warranted. 

Photographs  show  that  the  visible  surge  was  beyond  iho  island  stations  by  13.3  minutes 
after  the  burst,  which  is  consistent  with  the  time  of  return  of  the  temperature  to  the  ambient 
value.  Itjihcrcforc^  appears  that  the  shallow  layer  of  mist,  which  trailed  behind  the  main 
body  of  the  surge  at  the  closcr-in  stations,  had  dissipated  wh^n  the  surge  passed  Site  James. 

The  station  at  Site  Kcitli  was  the  farthest  from  surface  zero  (13,780  feet)  and  was  at  a 
bearing 'of  2CS* ,  which  was  30*  off  the  axis  of  surge  drift.  A  surge  time  of  arrival  of  6.7 
minutes  was  estimated  from  the  average  surge  motion,  disregarding  the  lobes.  The  time 
of  departure  of  the  trailing  edge  was  estimated  as  11.7  minutes  on  the  Siamc  basis.  The. 
station  was  in  the  ed^o  of  ‘  *  surge  during  this  period  and,  since  the  surge  boundai-ies  were 
not  snarply  dctlncd,  no  pn.  mfuii  i.liangcs  in  the  temperature  records  were  obscrvpd 
(Figure  6.10).  However,  thi  dry -i.-lb  temperature  variations  exceeded  the  ambient  vari¬ 
ation  between  8.5  and  10.3  mii.  tes  after  the  burst,  reaching  a  minimum  of  P'..V  F  ‘0.6* 
below  ambient),  at  9.7  minutes.  TH'-so  times  “ra  <’r>nsl.slunt  with  the  exi.  .■ 
surge  motion. 

Since  the  wjt-biilh  tompnraturo  fluctuated  continuously,  both  before  .ind  lUter  the  burst. 

It  was  not  possible  to  rotate  any  variations  to  surge  elfeo.is.  However,  lliuiu  is  some 
evidence  of  a  gradual  slight  wct-bulb  temperature  rise  during  and  after  the  surge  (lassago. 

The  maximum  relative  humidity  during  the  period  when  the  surge  wes  known  to  be  at 
the  station  was  76  percent,  recorded  at  10  minutes  after  the  burst.  The  peak  value  of  77 
percent.  Indicated  at  19  minutes  alter  tlio  burst,  is  difficult  to  explain,  os  photographs 
show  clearly  that  the  surge  was  well  beyond  the  island  slaliuns  at  this  late  time. 

Ilulatlvu  Iminidtty  versus  time  for  all  stations  is  given  in  Figure  6.11.  Times  of  surge 
arrivals  3.".d,  ’.vhero  possible,  the  surge  departures  at  each  station  as  determined  from 
the  photographic  records  and/or  visual  observation  are  indicated  In  the  figure. 

Although  the  times  are  not  exact  because  of  the  different  response  times  of  the  elements. 
Figure  6.11  shows  qualitatively  that  the  relative  humidity  in  the  base  surge  was  at,  or 
close  to,  sotur-ation  until  the  surge  reached  the  55-bargo.  It  then  decreased  fairly  rapidly 
with  distance  from  the  burst.  The  long  persistence  of  high  relative  humidity  at  the  YFNB- 
12  and  S5-bargo  may  have  resulted  from  airborno  mist,  or  cooled  air,  from  tlie  foam 
patch.  The  YFNB-12  was  within  the  patch,  but  tl;e  55-bargo  was  about  2,000  feet  downwind 
of  its  edge. 

A  reproduction  of  a  portion  of  the  original  record  obtained  at  the  YFND-12  station  is 
pivs'.u'.."'  ill  Figure  6.12.  A  correcuon  of  3.0*  F  should  bd  added  to  the  wet-bulb  readings. 

No  correction  Is  needed  for  the  dry-bulb  readings.  Tnc  minus  1-sccond  radio  signal  is 
displaced  from  'c  minus  1-sccond  poaltlon  or  tlio  trace  because  the  pen  which  rccor  'ei' 
the  radio  signa..  was  located  about  1  Inch  from  the  pen  whiuh  recorded  the  trace. 

Figure  6.13  is  an  expanded  plot  of  the  data  obtained  at  the  YFNB-12  tor  Uie  period  of 
minus  1  minute  to  plus  5  minutes.  The  solid  lines  are  based  on  the  data  obtained  from 
the  charts  and  have  been  corrected  only  for  the  calibratloik  of  the  bulbs  aim  the  vaidat*-':'. 
in  time  due  to  fluctuations  in  tlie  power  supply.  The  wet*  and  dry-hulb  readings  are 
Identified  fay  Utc  symbols  indicated  on  the  figure.  The  dashed  lines  are  the  corrected 
curves,  arijor  'sl  for  the  response  of  the  instrument  ard  Its  associated  components.  These 
dashed  lines  are  valid  only  If  the  change  in  temperature  at  the  sensing  element  is  a  step 
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oliango  (Section  S.'J.S).  Uunng  siiut  Uiiil/.clla,  indicutions  urc  liiul  liiu  sui^u  ui  t'ueu  as 
a  tcinwratufd  step  change  at  two  or  possibly  tliree  stations — YrNB-12,  DD-474,  and 
53-bargc.  Relative  humi(iity,  corrected  for  response  time,  is  noted  for  these  stations 
on  figures  G.4  tliruiigli  G.G. 

In  the  correction  of  the  data  recorded  at  the  YFNB-12  (Figure  G.13).  it  appears  either 
tha‘  the  dry-bulb  readings  ovcrcorrectcd  or  the  wet-buib  readings  ondorcorrecled  l>‘'ween 
30  and  GO  seconds  after  the  burst,  since  the  adjusted  wet-bulb  temperatuie  lies  slightly 
alxivc  the  adjusted  dry-bulb  value.  In  all  proliability,  the  true  temperature  changes  for 
beth  bulbs  during  this  period  were  not  the  step  changes  required  for  the  response  corroetlon. 

It  Is  difficult  to  gain  a  complete  understanding  of  the  changes  occurring  within  the  base 
serge  by  examining  the  data  obtained  at  scattered  fixed  positions.  A  more  satisfactoiy 
approach  would  bo  the  use  ot  instrumcnutlon  th.ct  could  move  with  the  surge,  perhaps  at  a 
fixed  distance  behind  the  leading  edge.  However,  Uua  leehniquu  would  be  extremely  diffi¬ 
cult,  If  not  Impossible. 

Some  indication  of  thn  changes  occurring  within  the  surge  may  be  obtalimd  by  strdying 
the  peak  values  of  dry-  and  wet-bulb  temperatures  recorded  just  after  surge  arrival  at 
each  station  and  pi  ■  '  'g  these  ns  a  tunctlon  of  time  of  occurrence.  The  magnitudes  of  thv 
first  changes  are  sh.  i  for  Niot  Umbrella  in  Figure  C.14. 

The  figure  indicuU  i  an  initial  heating  of  the  lagoon  water  by  the  detonation.  As  during 
W,ahixi,  the  heating  conn  not  las  mei-surcd  exactly,  because  the  surge  ■'rnbal'’''  re  talned 
a  mixture  of  water  originating  at  the  sur'.c-’,  “'hero  the  tomperaiu:-  nm.  o-.O'  I ,  and  at 
dnnpnr  Invnls  th.at  wnm  rnldnr.  When  thn  mirgo  travnlod  outward,  evaporatlvo  cyijlliig 
occurred.  The  dry-ljulb  temperature  fell  below  the  ambient  level  about  1  minute  after  SZT', 
reaching  a  minimum  soon  uftor  2  minutes.  It  then  rose  and  gradually  approached  the  am¬ 
bient  value.  The  wet-bulb  temperature  rose  above  the  ambient  level,  probably  as  a  result 
of  the  heating  by  the  burst,  but  dropped  toward  the  ambient  value  quite  rapidly. 

Allh'nigh  the  times  Indicated  arc  not  precise,  the  general  agreement  with  theory  is 
excellent.  Initially,  the  base  surge  was  a  dense  suspension  ot  warm  ruu  water  droplets. 
These  droplets  warmed  the  entrained  ambient  air  by  conduction  and  raised  Us  relative 
humidity  by  evaporating  mclsture  Into  it.  The  worm  stage  lasted  tor  possibly  CO  seconds 
and  lliu  surge  was  saluruted  for  possibly  100  seconds.  Hicrcaftcr,  the  surge  relative 
humidity  was  reduced  by  a  gradual  mixing  with  Uio  drioi  external  ambient  air.  In  aduUlon, 
evaporation  produced  a  cooling  effect,  which  bcoomo  loss  effective  as  an  Increasingly  largo 
volume  of  air  was  engulfed  hy  the  surge.  It  seems  unlikely  that  the  Umbrella  base  surge 
could  be  identified  by  means  of  temperature-humidity  recorders  .aftor  about  IS  minutes 
following  the  burst. 

On  Shot  Umbrella,  several  of  the  recorders  Indicated  one  or  more  slight  drops  in  cli y- 
bulb  temperature  between  the  time  of  detonation  and  the  time  of  surge  airrival.  Two  clianges 
of  this  nature  are  shown  in  Figure  6.13.  The  temperature  drops  apparently  resulted  from 
the  passage  ot  the  rarefaction  phases  of  air  shock  waves,  which  cooled  the  air  for  a  brief 
t.'uae. 

The  rarefaction  wave  data  obtained  by  Project  1.2  (Reference  23)  and  the  temperature 
change  data  obtained  by  Project  1.3  arc  summarized  in  Table  G.3,  and  arc  als.  p  -esented 
in  Figure  6.15.  The  Project  1.2  records  showed  the  passage  of  two  negative  waves  at 
early  times.  The  first  wave  arrlved  at  the  three  close-in  statiuns  about  O.S  second  after 
the  burst  and  pi-oduccd  a  pressure  drop  in  this  region  (1,747  to  2,070  feet)  of  the  order  of 
O.l  psi  below  ambient  values.  Thore  was  no  indiciitian  ot  this  on  the  tomperat"-.'  ■--is 

The  second  negative  wave  was  .«tronger  In  ma£-'<tudo,  producing  pressure  iJrons  ranging 
from  0.46  psI  at  the  EC-2  to  0.13  psl  at  the  S5-bargo.  This  wave  arrived  at  tlie  EC-2  at 
2.0  seconds  after  the  burst.  The  pressure  dropoed  to  a  minimum  value  1.4  seconds  later. 

The  pressure  minimum  reached  the  5S-barge  7.1  seconds  allot  the  burst.  The  temperature 
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..  Tile  focoftlers  also  registered  a  tJiird  rarefaction  wave  not  found  hy  Project  1.2.  This 
\^a\c  *  uv  h.iv<j  originated  at  suifuce  /.ere  ulnml  22  seconds  after  the  hurst  Os  the  rarefaetiuii 
pliase  of  a  sliock  wave  protlueed  by  tlie  coila{)se  of  the  water  cavity.  The  recorded  temper¬ 
ature  drop  indicate  that  this  wave  was  approximately  of  the  same  order  of  inu^tnitudc  as 
the  second  negative  wave.  This  wave  was  not  detected  at  the  close-in  statioi.s  oj  either 
Project  1.2  or  the  temiicrature  recorders,  liecause  the  surge  had  already  arrived  at  these 
st.ntions,  m.'tking  it  impossible  to  diffurentiate  ixjtween  the  effects  of  the  surge  and  taro- 
faction  wave.  Kor  the  farther  out  stations,  the  Project  1.2  records,  which  were  tape 
recorded,  were  not  played  back  to  the  relatively  lato  times  necessary. 

Tito  data  is  consistent  with  the  recorded  prussuro-vorstis-<inie  data  and  with  air  sliock 
wave  tltoory,  which  indicates  that  temperature  changes  should  follow  pressure  changes  and 
that  a  pressure  ware  should  broaden  as  it  travels  outward.  The  latter  effect  accounts  for 
the  a()parunt  slowing  down  of  the  leading  edge  of  the  negative  phase  as  it  moved  aw'ay  from 
the  point  of  origin. 

Tile  temiterature  chani  hat  occurred  at  thu  various  stations  during  the  passage  of 
the  raretaction  phases  wer..  ui.i.'itvd  l>y  means  ot  tlie  adiabatic  relationship  for  dry  air 
(llefercnce  -10). 


(U.i) 


Whonu  T.  =  final  tem|)orature,  K 

T|  «>  ambient  tcmiwraluro,  K 

.P]  °  final  (tressuru,  psi 

1*1  n  ambient  pressure,  [isl 

R  a  gas  eonstant  fur  dry  air,  0.237  joulus/gm  K 

C_  o  specific  heat  at  constant  pressure,  1.00  joulos/gm  K 
P 

Tam|)eraturu  changes  calculated  by  means  of  Equation  G.l  arc  Included  in  Table  O.-O. 
Since  the  Fo.xboro  recording  system  was  not  designed  to  measure  tlio  rapid  changes  that 
iKcur  during  thu  passage  of  a  sliock  or  rarefaction  wavo,  the  data  shown  In  Tabic  0.3  arc 
pot  precise.  The  tunes  of  commencement  of  the  temporaU  rc  drops  are  proiiabiy  accurate 
to  within  i  1  second,  but  thu  magnitudes  oi  llio  tem|x;raturu  drops  are  not  corruut  bcuausu 
uf  the  tolativciy  slow  response  of  the  system.  The  calculated  temperature  changes  range 
from  10  to  20  times  larger  tlian  the  recorded  values,  but  the  application  of  a  step  change 
correction  to  the  records  reduces  the  diffcrcnco  to  about  a  factor  of  3. 

The  condensation  cloud,  whioli  aj>|>uarcd  on  Uic  side  of  live  column  I  "  seennils  .nftor  SZT, 
was  p.vl.bly  formed  by  tlie  second  rarefaction  wavo  shown  on  tlie  prossuro-llme  records. 
Tho  passage  of  tlie  sccuiid  wave  was  also  shown  by  a  sudden  incrensu  in  sizo  of  tlio  natural 
clouds  in  tlio  area.  Those  changes  in  cloud  apiiearonce  started  at  4.4  seconds  in  the  .  o'nity 
o'  surface  zero,  which  is  consistent  with  tho  recorded  times  of  arrival  of  the  second 
negative  wavo  at  tho  airblast  and  temperature-humidity  stations.  There  was  no  evidence 
of  tho  passage  of  the  third  wave  at  the  cloud  level. 
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TAOU  G.l  SOMMAAY  UK  TBMi’KRATURK  AND  HUMIDITY  RKSULTS,  SHOT  WAIlOO 

■  -  siailoni  DU-ftya  7(^0  McaT 


Amtiicni  value  flur'ng  I  ininulv  prior  to 
time  of  tioturati 


Oryliulb  lcn%  »*atu»e 

82.9 

80.9 

81.9 

Wut*t)utt;  tenii.Toluru.  ‘K 

74.2 

74,1 

74  a2 

Relative  huml<Mt> 

c: 

:a 

70 

Tlnw  «f  Aral  change: 

DO'lulb  Uimpuraluru,  ccjonls 

130 

ICO 

Wet*‘hulb  temperature,  aeconda* 

>  137  to  147 

139  to  188 

Peak  valuo  datiutf  first  chanao: 

Dry-bulb  temporature!  •  F 

ltS.7 

81.2 

Wet-bulb  temperature.  •  F 

7T.7 

75.7 

Time  U  uceurrence  of  poab  values 

Oiy-bulb  tensporaturo,  second. 

140 

ICO 

Wct-lwlb  temperature,  aeconda 

1S8 

Time  u(  base  aurjp;  arrival: 

Visualt  seconds 

140 

PhotograpliICp  seconds 

130  to  1C9 

181  to  176 

Time  of  return  h>  ambient  teniperaluro,  mlnutoa 

21.9 

is.ti 

Densth  oi'  record  alter  aero  Urns'  i.iuiutca 

147 

lOG 

*  Times  of  wet^buU)  tcmiwraturc  clia/iKc  are  approximat?.  Dlnce  wci*bulb  readings  >^vrc  taken  at 
iiiteh’als  of  0  to  0  occnndi. 
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Figure  C.2  Temperature  and  relative  humidity  leeui'ded  at  YC-9,  :  lot  Wahoo. 


Figure  6.5  Temperature  and  relative  humidity  recorded  a;  DC-474,  Shot  Umbrella, 


5;»4FErT  FROM  SURFACE  ZERO 
25i*<^TmJE  FROM  SURFACE  ZERO 


^  Vf.  ■  •  l/UU 


Temperature  aud  relative  humidity  recorded  at  AS  barge,  Shot  UmbrelUc 
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Figure  C.ll  Relative  humidity.  Shot  Umbrella. 
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i'is;ur--  Rc-pnKluction  of  a  portion  of  original  rocorJ  obtained  on  YKN2-12.  Shot  Umbrella. 
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Fuiuro  n  instrument  re&po'  .r  >  •  >r.  of  ;emper- 
aiur  *;*  at  YFNB-12,  5^/*' 
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Chapter  7 


COMPARISON  OF  HARDTACK  RESULTS  WITH 
HIGH'EXPLOSIVE  AND  NUCLEAR  DATA 


7.1  SPRAY  DOMES 


Tho  spray  domo  provides  inlormatlon  concerning  the  shock  wavs  nrodurod  hy  an  u.'aer- 
water  explosion.  Furthermore,  it  is  capable  ot  damaging  low-flying  aiicralt.  Initial  dome 
velocities  are  me  sured  to  evaluate  the  shock  wave  clfects,  but  a  knowledge  of  the  complete 
hcight-versus-tii,  'stfv  of  the  spray  is  needed  to  assess  the  hazard  to  aircraft. 

To  evaluate  the  a  >lic.*rcility  of  Equation  1.4  in  practice,  the  vertical  rise  of  tho  center 
of  tho  spray  domes  t.>rmnd  by  300-pound  TisT  cha»'j.'“>  ha.~  been  mOfasurod  in  NOL  experi¬ 
mental  programs.  Those  n.sts  included  cl.argo  depths  ranging  .r  to  0  feet  in 
relatively  deep  water.  In  terms  ot  geomct..ii.al  scaling  (\.),  Uio  u..t>iitu  ranged  from  1.30 
to  15.0  ft/lb*^.  Initial  dome  velocities  were  obtained  by  plotting  h/t  versus  U.-ne,  fitting 
a  straight  lino,  and  extrapolating  to  zero  time,  as  was  done  for  the  Wahoo  aomc.  In  the 
height  plots,  the  time  Interval  that  was  used  to  determine  the  slope  of  the  line  started 
between  0.2  and  0.3  second  after  SZT  and  lasted  for  0.5  second  or  longer. 

According  to  EquiRlons  1.1  and  1.4,  tho  initial  velocity  of  tho  water  surface  directly 
above  a  TNT  explosion  should  be 


C.22  X  10* 
pU 


(7.1) 


This  relationship  is  shown  graphically  in  Figure  7.1  for  comparison  with  the  observed 
values  of  obtained  from  photographs  of  the  300-pound  TNT  explosions.  Tho  agreement 
is  good,  particularly  In  tho  range  of  .\q's  between  1.5  and  10  R/lb*'^.  Tlio  scatter  at  sliailuw 
depths  of  Isirst  is  probably  duo  to  measurement  difficulties,  resulting  from  tho  early 
apperrance  of  plume  effects.  Th"  lack  of  agreement  at  Uie  lowur  shock  pressures 
(Xc  >  10  ft/lb*'*)  may  be  attributed  to  a  neglect  of  tho  su-culled  breaking  preaenru  Pb  in 
Equation  1.4.  This  appears  in  Equation  1.5  in  the  term  144  Pb/pU.  Tho  n.oturo  and  mag¬ 
nitude  of  this  term  are  not  known,  since  Equations  1.4  and  1.5  apply  only  to  the  wttcr  sur¬ 
face  and  not  to  tho  spray  rising  above  it  and  masking  it.  In  practice,  only  the  top  of  the 
spray  con  be  measured.  Fortunately,  this  gives  useful  results. 

The  magnitude  of  Pb  to  use  in  spray  donto  studies  is  best  determined  by  employing 
Ecpiatlon  1.5  and  solving  for  Pb  when  tho  observed  is  different  from  that  indicated  by 
Equation  1.4  or  when  no  spray  is  observed  (Vj,  =  0).  V/ith  this  approach,  Pb  is  essentially 
an  empirical  correction  factor  whose  physical  meaning  is  obscure. 

TIic  average  of  tho  values  uf  Pb  that  will  produce  agreement  between  Equation  1.5  aiid 
the  Vg  values  that  are  less  than  indicated  by  Equation  1.4,  at  depths  greater  th.'m.  » 

10  ft/lb*^  in  Figure  7.1,  is  444  psl.  This  is  in  almost  exact  agreement  with  aj\  average 
value  of  450  psl  obtained  ly  calculating  Pb  at  LiC  edge  of  tho  upray  domo  twhorc  Vg  =  0) 
from  325-pound  TNT  charges  (Reference  41),  and  is  not  greatly  different  from  tho  average 
value  of  584  psi  obtained  by  the  same  method  Irom  tho  NOL  300-puund  TNT  data. 
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It  suums  possible  that  Uie  I’jj  clfcct  incrossoc  wth  depth  of  hurst  for  deep  o'plosions. 
Some  tendency  In  this  directiun  is  shown  by  Figure  7.1.  The  data  in  References  41  and  42 
also  shows  an  increasing  perser.isgc  difference  between  the  obsor.’cd  and  ilioorctical  veleei- 
tius  prediotnri  by  Htpi.-ition  1.4  with  increasing  depth.  Charges  of  amatol  \veig*'‘ng  300  pounds 
pnxiuced  no  spray  when  fired  at  a  X,.  of  20  ft/lb*'* .  This  implies  a  P|j  of  1,400  psi  for 
this  scaled  deptli. 

As  a  general  rule,  Equation  1.4  may  be  safely  used  for  charges  of  sevor.'tl  I  "rdred  pounds 
between  geometrically  scaled  depths  of  1.3  and  10  ft/lb*'^.  The  proper  procedure  is  un- 
ertain  at  X^  values  greater  than  10  ft/lb'^,  since  some  meusuraments  arc  in  agreement 
with  Squation  1.4  a.ed  others  fall  below  it.'  The  subject  requires  further  study,  l>ccausc 
the  use  of  Pb  is  undoubtedly  an  oversimplification. 

The  retardation  t  was  also  calculated  for  the  rise  of  th?  center  of  the  spray  domes  pro¬ 
duced  by  300-pound  TNT  charges.  Tliuso  are  shown  In  Figure  7.2  as  a  function  of  The 
scatter  is  uf  the  order  of  20  percent,  hut  the  following  expression  provides  a  fairly  good 
rcpresontatlon  of  tho  data: 


t  =  268  '»■  ‘  (7.2) 

(vau  to.  2  4  Xg  <  16  ft/lb' '’l 

This  can  bo  interpreted  as  i''dioattng  that  relatively  smUI  drops  ore  produced  in  tho 
spray  domes  from  shallow  cl.c'.s,  s.iiee  thpso  arn  decelerated  rapidly  by  ■.•‘■••er  >  <• 

Tlie  large  drops  formed  by  deep  e.'qjloslons  suffer  little  atmospheric  drag.  The  retardation 
should  reach  a  lower  limit  of  16  ft/sce^  which  Indlcatos  tho  effect  of  gravitj’  alone.  For 
this  reason,  Equation  7.2  is  valid  only  to  a  Xg  of  16  It/lb*'^.  At  greater  scaled  depths,  a 
constant  f  uf  16  ft/soc*  should  bo  employed. 

The  values  uf  f  determined  at  Uio  centers  of  tho  spray  domes  were  30  ft/scc’  for  Shot 
Wahoo  and  about  20  fl/scc*  for  Shot  Wigwam.  Both  foil  well  below  the  TNT  values,  indicating 
that  Equation  7.2  is  not  valid  for  nuclear  explosions. 

For  tactical  studios,  it  is  necessary  to  consider  the  shape  of  tho  dome  and  its  rate  of  rise 
at  all  points.  For  a  TNT  oiqiloslon,  the  Initial  voloeiiy  of  fhe  surface  of  tho  dome  as  a 
function  of  distance  r  along  tho  surface  can  bo  calculated  from  Equat'-  .  7.1.  Tho  shapo 
of  tho  dome  at  early  times  may  be  approximated  by  taking  the  ratio:,  of  initial  vclocltios 
along  tho  surface  to  the  initial  velocity  at  surface  aero,  as  follows; 


Whore:  Vg(r)  ■  initial  spray  velocity  at  a  given  do:i«  radius,  r,  fl/sec 
Vo(o)  “  initial  iipray  velocity  at  surface  aero,  ft/.sec 
Since  cos  6  «  c/R,  this  reduces  to 


Vgfr)  =  Vg(o)  cos’’*’  6 


(7.4) 


An  expansion  ot  r.q<ia[iun  7.4  in  terms  of  tan  i,  which  is  equal  to  r/c,  gives  the  following 
(Reference  12): 

Vo(r)  =  V>)|^l  +  (iyj"‘'  (‘*5) 

Equations  7.3  through  7.S  aro  valid  for  both  TNT  and  iiuolbar  explosions. 

If  the  rising  spray  can  be  represented  by  Equation  1.9,  the  maximum  height  at  any  r  is 
indicated  by 
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h  3  ZjJl 

MltUA  .}  f 

WItcTo:  •=  maximum  height  ol  spray,  foot 


On  this  basis,  if  f  is  xssumod  to  Ix!  constant,  the  shape  of  the  spray  dome  at  its  greatest 
hcigiit  should  bo  reprosontod  approximatoly  by 

I'maxfr)  •=  h„aj,(o)  j  '  <7.7) 

A  comparison  of.  tho  shape  of  the  Wahoo  donto  at  l>sccerd  Intervals  witii  curves  calou- 
latod  using  Equations  7.S  and  7.7  is  presented  in  Figure  7.3.  In  general,  tlie  agreement 
with  Equatien  7.S  is  good  at  r/c  values  less  than  1.  At  greater  dome  radii,  the  Wuhoo 
curves  tend  to  shift  toward  tho  Equation  7.7  curve.  AlUiougli  U«i  Wnhoo  curves  occasionaliy 
exceed  tho  limits  of  tlte  two  tiieurulioul  curves  near  tho  center,  tho  latter  provide  a  useful 
bracket  that  can  bo  obtained,  quickly  when  tho  central  Vq  and  h  values  are  known. 

This  treatment  provides  a  moans  for  comparing  tho  spray  domes  from  different  bursts. 
However,  a  comparison  of  tho  Wahoo  results  with  TNT  data,  for  bursts  at  tho  equivalcnl 
Xq  (2,18  ft/ib'^,  woi'M  be  possible  In  only  a  limited  manner,  because  tlte  bubble  effects 
an*  different.  Althot.  AJ,  for  Wahoo  was  1.30,  ,\^  for  a  300-pound  TNT  explosion 
iil  Uie  given  Xg  Is  only  i  328.  "iilch  is  about  half  the  Wahoo  value.  Tho  relatively  shallow 
HE  bubble  pushes;  the  wtito**  surface  upwam  through  the  .pray  to  farm  a  hcmisphorlcal 
mound  in  tho  center,  N'fore  the  dome  is  fullv  developed. 

Photographs  of  SOO-puuiid  iNT  explosions  at  scaled  depth's  of  1.70  u>d  2.30  tt/Ib'^  nre 
shown  in  Figure  7.4.  Those  conditions  bracket  Shot  Wahoo,  scalowlso.  In  the  shallower 
burst,  a  dark  central  Jot,  possibly  resulting  from  tho  travel  of  gaseous  ojplosion  products 
up  tho  charge  support  cable,  was  visible  within  milltscconds  of  tho  explosion.  This  jot 
rose  rapidly  above  tho  domo.  In  both  cases,  tho  bulging  ol  tho  domo,  as  a  result  of  tho 
expansion  of  tho  relatively  snallow  bubble,  was  clearly  visible  by  0.2  second  alter  SZT. 

A  wclt-dovelopcd  primary  spray  domo  was  observed  during  Shot  Wlgtvam — a  32-kt 
explosion  at  a  depth  of  2,000  foot.  Tho  primary  dome  reached  a  maximum  dlamotor  of 
oliout  14,000  foot  and  had  reocliod  a  central  height  of  ICO  foot  when  a  second  spray  domo, 
formed  by  tho  first  bubble  pulse,  rose  abovoTt  (Reference  6).  Tho  average  InltW  spray 
domo  velocity  moasurod  at  surface  zero  on  five  photographic  records  was  115  ft/sec,  which 
was  33  percent  higher  than  tho  theoretical  velocity  of  86.7  ft/sec.  Slmllai*  results  were 
obtained  to  a  dome  radius  of  1,600  feet. 

A  comparison  of  tho  observed  Wigwam  spray  doma  profllos  with  possible  theoretical  sliapes 
Is  mado  in  Figuro  7.5.  Tho  ogrosmeut  between  the  curves  and  tho  data  is  not  xs  good  os  on 
Shot  Wahoo.  In  ono  ease,  the  height  Is  40  percent  greater  than  tho  simple  thtory  indicates. 
This  result  is  consistent  with  the  unusually  high  Initial  spray  dome  velocities  recorded  on 
Wigwam. 

Both  Wahoo  and  Wigwam  were  detonated  when  tho  ocean  surface  was  extremely  rough. 

This  probably  accounts  for  the  fact  that  tho  spray  dome  velocities  woro  Idghor  on  these 
nuclear  tests  than  on  HE  tests,  since  the  latter  are  rarely  conducted  In  such  conditions, 
in  the  analysis  of  tho  Wigwam  data,  the  exceptionally  spiky  appearaneo  of  tho  domo  and 
tho  broad  scatter  of  the  naeasuremonts  were  noted  (heferonuo  G).  Tho  irregularities  in 
the  water  surface  seemed  to  have  a  lelatlvely  stronger  Influence  on  tho  wide,  shallow 
Wigwam  dome  than  on  tho  Wahoo  dome,  which  was  narrower  and  higher. 

The  spray  domes  formed  by  shallow  HE  bottom  bursts,  scaled  geometrically  to  Shot 
Umbrella,  have  not  been  studied  in  detail,  because  the  domes  aro.F.h''"^  lived  oiid  arc 
rapidly  overridden  by  the  expanding  column  and  plumes.  At  this  sealed  depth,  the  effect 
is  more  pronounced  than  shown  in  Figuro  7.4. 
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nui:uu:>u  ut  tliu  iiiipui laitCu  u'.  yiuld  (ioU.-ri'i^inatlons  c.n  nuclear  iiurata,  the  ;;pray 
method  employed  on  Shut  Umbrella  (Section  d.3)  wan  used  lor  estimatini;  the  effective 
hydrodynamic  yield  of  Snot  Baker  during  OjK'ration  Crossroads.  The  central  .spray-dome 
heiglit  was  measured  on  several  B.aker  filinsi  die  must  teliaiile  lecuiu  sliuwuu  a  spray 
vsiloeity  of  4,700  ft/suc  for  the  period  from  o.uuii  to  O.un'a  second  iltofurence  31).  'Ihis 
gave  a  I’^'V  of  32.4,  which  is  consistent  with  shock  wave  'predictions  for  a  di.stancc  of  90 
feet  from  a  24-kt  iiuctcar  burst.  This  yield  value  is  within  about  2  percent  of  toe  repo.ied 
radicchemical  yield  of  23.5  kt,  which  is  evidence  that  the  spray  dome  velocity  methoJ  Is 
reliable  for  the  determination  of  yields  of  sliallow  nuclear  '.'ursts. 

The  Baker  helght-vorsus-timo  curve,  which  was  used  fer  the  spray  dome  analysis, 
sliuwed  an  upward  acceleration  at  0.075  second  after  SZT.  This  possibly  was  evidence  of 
blowout,  which  may  have  commenced  near  the  surface  at  appraximalcly  O.OR  second  alter 
SZT.  As  a  result,  the  spruy  dome  hciglit-versus-timc  measurements  were  too  brief  in 
duration  to  permit  the  employment  of  the  h/t-versus-t  technique  that  has  been  used  for 
deeper  bursts. 

7.2  PLUMUS  AND  VISI.  R/ev  .StlHfiH 

In  order  to  compare  tho  t  ahou  plume  with  HE  plumes,  I'conietrical  scaling  of  the  bubble 
m.ny  h;;  employed  as  an  apnroxi  ulo  scaling  technique.  For  wahoo,  Ag  ■;.’?»  1.30  The 
NOL  399-peund  TNT  tests  closest  tr  this  coirJ!!’..i:  <v'»-e  fired  at  depin*.  o»  >3  .u.d  uO  Icet. 
where  is  equal  to  1.15  and  1.42  respectively.  At  both  depths,  a  pronounced  central 
vcrtlca'  ;3t  rnsu  above  tho  spray  dome,  originating  at  tho  surface  about  0.9  second  after 
SZT.  Thu  time  of  origin  of  this  plume  was  about  0.1  second  after  tho  observcilfirst 
bubble  periods  of  0.78  and  0.80  second  for  300-pound  TNT  charges  at  these  depths  (Refer¬ 
ence  43).  TIio  reported  migration  during  thu  first  period  for  charges  fired  at  depths  of 
25  and  30  feet  was  about  IS  and  25  feet  respectively  (Reference  43).  These  appro.'dmato 
values  show  that  the  collatised  bubbld  was  closu  to  tho  surface,  and  tho  Jot  originating  at 
tho  bottom  of  tho  bubble  eh-mld,  therefore,  bo  able  to  ponotrato  tho  water  above  it  to  pro¬ 
duce  thu  obsorved  vortical  plumo.  Radial  plumes  appeared  at  about  the  same  time,  result¬ 
ing  from  the  t'uexpansfon  of  tho  bubble  Juat  beneath  thu  surface.  Those  phenomena  are 
Illustrated  for  ih'i  30-foot  depth  In  Figure  7.0. 

■  AlUiough  (he  Wahoo  bubble  probably  also  migrated  to  a  position  close  to  the  surface 
during  its  first  oscillation,  there  was  no  pronounced  vortical  plumo  on  Wahoo.  This 
difference  indicates  that  Uio  deep  HE  tests  in  the  field  may  have  little  value  for  die  direct 
scaling  of  nuclear  plumes. 

Tho  average  radial  and  vortical  growth  of  tho  Wahoo  and  Wigwam  plumes  is  compared 
in  Figure  7.7.  The  hci^t-vnrKiis-tlnu)  curves  are  vorj'  similar  In  appearance,  although 
tho  Wigwam  burst  occurred  at  a  depth  of  2,000  feet,  and  the  bubble  oscillated  at  least  three 
times  during  the  10  .seconds  before  plume  effects  sypeared.  Tnc  Wigwam  plumus  appeared 
to  raui»U'  from  a  point  beneath  surface  zero.  Tlie  Wahoo  plumes  originated  aliout  5  sccoixis 
earlier  than  the  Wigwam  plumes,  apparently  from  above  tho  original  surface. 

The  maximum  height  of  tho  Wigwam  plumes  (1,450  feutt  was  consistuni  with  the  e;  '1  vaind 
initial  velocity  at  the  surface  of  300  ft/.ses  (Reference  6),  providing  that  gravity  was  the 
only  retarding  force.  This  is  to  Im  c.xocotcd,  os  there  is  little  atmospheric  retardaticn  of 
large  plumes.  Since  tlic  Wahoo  curve  is  similar  to  the  Wigwam  curve  and  the  maximum 
height  is  within  50  feet  of  tho  Wigwam  hciglit,  tho  Walioo  vertical  plume.s,  which  may  Ui""  '  • 
started  at  a  greater  initial  height,  possibly  had  a  lower  '•.Rial  velocity. 

Tho  Wahoo  plumes  c.x|iandcd  radially  at  a  greater  rote  than  the  Wigwam  plumes  and 
attained  a  greater  maximum  collapsed  diameter  (3,SC'‘  feet  as  compared  to  3,100  feel).  A 
close  examination  of  the  Wi|;wam  plumes  (Reference  C)  showed  t.hut  there  was  an  initial 
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group  o£  vortical  plumes  and  a  later  group  ot  radial  plumes,  v.ljieh  appeared  at  lower  levels. 
The  second  group  spread  laterally  at  a  greater  rate  than  the  first  and  c.xp-'mdud  lx:yond  them 
at  22  seconds  after  SZT. 

Though  tlic  •VIgwam  yield  was  22  kt,  the  first  maximum  bubble  radius  was  calculated  to 

*  bo  37G  feet,  widch  Is  almost  Idontical  to  the  384>foot  maximum  bubble  radius  calculated 
for  'Vahoo.  Huwevor,  there  Is  evidence  that  most  ot  the  stcant  In  the  Wigwam  bubble 
condensed  during-its  upward  migration  and  that  the  water  surrounding  th,.  bubbh'.  continued 
to  rise  In  the  form  of  a  vortex  ring  (Reference.  17).  A  vo<  lex  ring  would  have  a  central 

*  velocity  greater  than  the  translational  rate  of  the  entire  mass,  which  could  a.'uuunt  for  tiio 
relatively  high  velocity  of  the  Wigwam  plumes.  The  Wahoo  bubble  undoubtedly  lost  some 
steam  during  its  collapse  but  seemed  to  reespand  above  the  surface  in  a  roughly  spherical 
shape,  thereby  driving  the  surrounding  water  outward  )  t  syinmelriuul  plumes.  Tiiu  Wulioo 
and  Wigwam  plumes  had  almost  the  same  overall  volume:  tills  might  be  attributed  to  an 
upward  transport  by  buoyant  forces  of  roughly  equivalent  masses  of  water.  Although  U. 
mechanisms  are  not  understood,  the  result  Is  possibly  connected  with  (.he  almost  Identical 
volumes  of  the  fully  expanded  bubbles. 

In  both  cases,  t  group  of  irregular  plumes  appeared  above  the  surge  after  the  first 
mass  had  subsided.  -ae:  |ii.imes  wore  believed  to  result  irom  the  oscillation  ot  the 
surface.  The  Wahoo  ate  plume  wa.s  350  feet  high  whereas  the  Wigwam  l.ntc  plume  attained 
a  height  ot  770  feet. 

The  base  surge  formed  by  330-pour.d  T7iT  Avpiuslons  Is  tenuous  .-.I  li  malcult  to  measure. 
It  Is  doubtful  that  the  limited  surge  data  available  from  these  tests,  at  submergoiioc  factors 

*  similar  to  that  of  Wahoo,  is  of  value  for  extrapolation  to  the  nuclear  scale,  particularly 
.  since  the  generating  plumes  are  different  tn  structura. 

The  Wigwam  base  surge  was  similar  to  the  Wahoo  surge  in  general  appearance.  However, 
It  expanded  more  slowly  and  was  smaller  In  size,  as  shown  by  the  average  radial  growth 
»  curves  In  Figure  7.8.  This  would  indicate  that  loss  liquid  water  remained  airborne  following 

the  collapse  of  the  Wigwam  plumes  than  on  W.ahoo,  a  result  that  could  have  been  caused  by 
diffc.'ences  tn  structure  of  tho  plumes. 

A  uomparlson  of  the  Umbrella  column  and  plumes  with  HC  surface  phenomena  for  the 
samu  s.talcd  depth  (X^  b  q.sos  ft/lb'^)  shows  a  major  difference.  This  iu  uio  appearance 
of  a  black  smoke  crown  on  tho  HE  tests,  which  represents  the  blowout  of  explosion  product.^ 
when  the  expandlr.g  gas  bubble  ruptures  the  water  surface.  AlUiough  a  nuclear  smoku  crown 
would  not  necessarily  bo  black,  a  well-defined  cauliflower  cloud,  similar  to  that  during  h'hot 
'  Baker,  would  be  expected  if  blowoal  occurred.  No  such  cloud  appeared  on  Shut  t'liibrclla. 

This  result,  combined  with  tho  relatively  low  intensity  of  nuclear  radiation  recorded  iuiorc 
the  emergence  of  the  base  surge,  indicates  that  tlic  nuclear  bubble  did  not  rupture  the  water 
'  surface  above  the  burst  when  the  bubble  pressure  was  high  enough  to  cause  an  outward  flow 
ot  Cissluu  products. 

Under  comparable  conditions,  the  amount  of  blowout  of  an  explosion  should  decrease 
.■.■1th  increasing  depth  until  a  depth  Is  reached  at  which  no  blowout  occurs.  This  trend  is 
Indicated  by  a  shrinkage  In  the  smoke  cro'wn  size  and  may  be  examined  by  using  Ute  ratio 
of  tho  maximum  smoko  crown  diameter  S^ax  maximum  column  diameu  ■•  "Jniax 
»  In  very  shallcw  HE  testa,  tho  smoko  crown  Is  clearly  defined,  and  the  average  ratio  of 

^max  *^max  decreases  from  about  4  at  a  X,.  of  0.15  ft/lb*'*  to  about  3  at  a  X^  of  O.’dO 
ft/lb*/^  (Reference  1).  The  data  for  greater  sealed  depths  Is  limited,  but  a  more  rapid 
decrease  tn  occurs.  The  scaled  depth  at  which  no  black  smoke  !~ 

,  not  known  exactly;  however,  It  Is  roughly  1.0  ft/li;*'’  for  TN^f  chatxoe  weighir.it  ic-twco., 

100  and  600  puuiuls. 

Airblast  data  from  conventional  underwater  '•xploslons  is  also  of  interest  here,  because 
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(if  thin  wavfi-diicreascs  rapidlv  botwoen  scaled  du|)Uis  of  /.ero  and  0.5  ft/il)'^  .  then  decreases 
slowly.  The  wave  liocomes  relatively  unim|)ortanl,  thous!h  observable,  at  a  X<;  of  0.81  ft/ 
(Refcrc!^cc  4*1).  This  ros'*!^  is  conssstcnl  '^iih  thv  f*rr>v'n  ovirionf**, 

TNT  charKOS  fiix'd  on  the  bottom,  at  deptlis  geometrically  scaled  tc  Shot  Umbrella,  arc 
in  Uie  icgion  where  blowout  effects  change  rapidly  with  increasing  depth,  and  the  plume 
data  shows  eonsiderable  scatter.  As  esamples,  the  column  and  smoke  crown  formed  by  a 
000-pound  TNT  explosion  on  the  bottom  in  5.58  feet  of  water  (Aq  -  0.5:15  ft/ib''’.  -ind  a 
4,200-pcund  TNT  explosion  on  tlie  Ijottom  in  9.25  feet  of  water  (X^  »  0.506  ft/lb*'"')  are 
shown  In  ITgurc  7.9.  In  both  cases,  black  smoko  can  bo  soon  to  emerge  alx)ve  the  column. 
Although  these  examples  arc  shallower  than  Umbrella,  scalowiso,  they  are  the  best  appro.xl- 
mations  to  Umbrella  that  are  currently  availalilo. 

Tiie  surface  phenomena  of  Shot  Baker  are  shown  in  Figure  7.10  in  order  to  illustrate  the 
differences  from  the  Umbrella  results.  (Shot  Baker  wasdetonaicd  sta  depth  of  about  90  feet.) 
The  cauliflower  cloud  on  Baker  can  be  attributed  to  the  shallower  depth  of  hurst  (A,.  ■= 

31.5  ft/kt‘'’as  compared  to  75.0, ft/kt'^ for  Shot  Umbrella).  The  differences  in  the  dimensions 
of  the  phenomena  arc  shown  In  Figure  7.11,  where  it  can  be  seen,  for  example,  that  the  maxi- 
mim  radius  of  the  Baker  c?  illflower  cloud  was  about  three  times  as  great  as  the  maximum 
t.iHIus  of  the  Umbrella  pliu  Th'*  B.akor  and  Umbrella  height-versus-time  curves  are 
Similar  for  the  first  25  secon  i  of  development.  After  this  time,  a  central  white  plumn, 
which  possibly  was  an  cxten3i,.n  of  the  column,  rose  ubovo  th?  Bake-  cauliflower  cloud. 

The  sides  of  the  Baker  coium.i  we  -t:  virtually  straight  and  were  perer'ndicu...  t.-  .o  v-atcr 
surface  after  the  early  stage  of  exp-nslon  .ind  beioru  n.c  column  started  to  c  ^Uupsc,  HR 
tests  scaled  to  Baker  and  Umbrella  also  form  perpendicular  cylindrical  columns  whose 
maximum  dlamuter  can  be  measured  without  great  difficulty. 

As  u  result,  equations  were  developed  fur  scaling  HE  maximum  column  diameters,  and 
these  were  converted  to  nuclear  bursts  by  using  an  adjustment  factor  obtained  from  the 
Baker  result  (Chapter  1).  However,  the  Umbrella  column  was  not  vortical;  in  fact.  It 
narrowed  down  about  300  feet  above  the  surface  and  then  gradually  widened  out  above  this 
up  to  where  it  merged  with  tho  plume.  It  was  not  possible  to  establish  objectively  a 
that  would  bo  comparable  to  tho  values  obtained  for  HE  and  Baker.  In  .additlrn,  the  nioasuro- 
monts  of  tho  growth  of  the  UmbrelU  column  neck  were  not  similar  to  tho  column  growth 
curves  for  HE  shots  geometrically  scaled  to  Umbrella. 

Equation  1.3G  piudlcts  a  D^ax  'xf  1>5S0  feet  for  Umbrella.  This  is  equal  to  Uie  averaged 
diameter  of  the  Umbrella  column  and  plume  about  C  seconds  after  the  burst,  when  the  lower 
part  of  the  column  was  starting  to  fall.  The  prediction,  thcreforo,  is  consistent  with  the 
overall  size,  though  It  would  be  difficult  to  obtain  such  a  number,  for  scaling  purposes,  by 
dlioct  measurement  of  the  Umbrella  photographs  on  the  basis  of  the  rules  used  fur  thu  HE 
.uid  Baker  column  measurements.  Additional  knowledge  of  thu  detailed  phenomena  might 
make  possible  the  formulation  of  a  more  general  tcchniquu  for  obtaining  D^j^. 

It  is  clear  that  thu  column  and  plume  phenomena  of  Umbrella  and  Bakur  were  radically 
different  and  that  the  tests  belong  in  separate  categories.  These  may  be  termed  “shallow- 
non-blowout’’  for  Umbrella  and  “shallow-blowout”  for  Baker  or  “shallow”  and  "very 
shallow”  In  analogy  with  the  terms  emplpyod  for  deep  bursts. 

The  mechanism  of  base  surge  formation  was  similar  on  Umbrella  and  Balter,  in  that, 
in  both  cases,  the  leading  edge  of  Uie  surga  seemed  to  originate  as  a  splll-out  of  material 
from  tile  base  of  tho  column.  This  material  possllily  came  from  tlie  lip  of  the  exiiandlng 
cavity  in  tho  water,  which  was  hidden  by  the  spray  in  the  column.  The  spray  in  the  collapsing 
column  then  flowed  outward;  this  was  probably  tho  main  source  of  tho  surge  material  Fan¬ 
out  also  added  water  droplets  to  tho  surge  in  both  msts,  Uicugli  the  fallout  was  mere  ccniially 
located  on  r..(brclla  than  on  Baker.  In  the  latter  test,  large  masses  of  water  fell  from  thu 
uauliflowcr  cloud,  which  extended  well  beyond  the  colun.n. 
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The  aver.iye  liaw  surge  "aUius-versus-tinse  curves  i\ir  Uuihrell:'  and  naker  are  ooinjiaicu 
In  Figure  7.12.  (The  n.-ilter  ni.-ve  is  based  on  recent  measurements  of  the  photograiilis  at- 
NOL  and  extend  Ixivond  thi;  values  i>revif»isly  sumrriafjxe'!  In  !tefore.'’.ce  1.)  The  DaJ:er  surge 
grow  more  rapidly  and  probablv  r.:achud  a  greater  size  than  the  Umbrella  surge,  although 
Uie  record  is  too  short  to  snow  ‘.h,  final  value.  The  physical  appearance  and  behavior  of 
the  Umbrella  and  Baker  base  surges  differed  radically  after  the  first  iiiinutes  of  develop- 
mtnt.  A.s  .shoWii  in  Figure  7.10,  the  Baker  structure  wa.s  relatively  co  e.ple.x  at  Ij-l  seconds 
after  U.e  burst.  At  this  tin  ,  :  layer  of  new  clouds  was  forming  above  the  base  surge  and 
rainfall  was  visible  within  tl.e  sutge.  The  Umbrella  surge  did  not  lift  the  ambient  air  enough 
to  produce  a  new  cloud  deck,  ar.d  thn  surge  droplets  gr.ndually  evaporated 

A  considerable  amount  of  base  surge  data  has  been  obtained  from  HF  tests  at  depths 
.sc.nled  geometricallj’  to  Umbrella  and  Baker  (noforonce  1).  Tliis  inCurmatiun  was  used  lo 
demonstrate  t.hn  validity  of  tiM  Froude  sealing  Icehniquc  for  base  surge  studies  (Appendix). 
>Vhen  the  scaled  curves  wore  compared,  the  HE  and  nuclear  results  wore  In  good  agrr'  ■ 
ment  at  early  times  but  differed  at  late  times.  Consequently,  the  HE  results  are  usotjl 
for  Uh!  study  of  surge  phenomenology  but  not  for  direct  extrapolation  to  the  nuclear  scale. 


17'/ 

CONFIDENTIAL 


SCALEf;  ..HARGE  DEPTH,  X,, FT/LB'" 


Fib'urc  7.1  Initial  spray  dome  velocity  at  sui  taco  zero  versus 
scaled  charge  depth,  SOO-peund  TNT  tests  in  deep  water. 


178 

CONFIDENTI.M 


t  ■ 

•'iONFIDJiNTI AL 


CONF  DJN'  AL 


Figure  7.5  Coniparieun  of  ajiray  dome  prafilea  wil  'heury,  Shol  Wigwam. 
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Companion  ol  Watioo  and  Wigwam  a/cragc-  base  surge  growth. 
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Chapter  8 


SCALING  TO  OTHEK  YIELDS  AND  DEPTHS  FOR  THE  DEVELOPMENT 
OF  SAFE  DELIVERY  TACTICS 


A  primary  objective  was  the  rnllretlon  of  effects  data  that  could  be  useil  for  dnvnioping 
tactics  (or  the  safe  delivery  of  nuclear  antisubmarine  weapons  and  for  predicting  the  lethal 
ranges  of  the  weapons.  In  t'’’  “  iiaptcr,  the  use  of  the  surface  phenomena  data  for  this 
purpose  will  be  eonslduix'd.  The  possible  offensive  uso  of  surface  plume  and  cloud  offoois 
(or  inflicting  damage  or  spreading  radiological  contaminants  will  not  bo  treated  hero, 
because  only  limited  atten*  has  been  given  to  tl:is  subject. 

8.1  GENERAL  CONSIDERA  ION? 

In  order  to  develop  suitable  i-rtics  tor  the  delivery  of  an  existing  or  ptupo-".!  nu  'ettr 
weapon,  it  is  necessary  to  estimate  ino  nature  u.ic!  r-  .gnitudo  of  all  the  daicviiib  oii'cois 
for  tho  expected  burst  environment.  If  a  warhead  has  been  tested  under  water  at  one  or 
two  depths,  as  in  Operation  Hardtack,  tlie  problem  exists  of  extrapolating  tho  results  to 
other  possible  depths  of  burst.  A  more  difficult  problem  is  tho  extension  of  the  existing 
data  to  a  device  in  tho  design  stage  with  an  expected  yield  greatly  different  from  the  yields 
of  tests  condu..  .■'  m  tho  post.  When  uncertainty  exists  in  the  data  or  scaling  mcUiods, 
assumptions  ore  usually  made  that  bios  the  predictions  toward  gruaUii'  safety.  Cuiisotiucnt- 
ly,  predictions  of  phenomena  made  (or  estimates  of  safe  dislaiieus  for  dollvory  vehicles 
may  differ  from  predictions  mode  (or  other  purposes. 

Data  is  available  on  tlie  surface  phenomena  of  (our  underwater  nuuloar  tests  with  yields 
ranging  from  3  t»  32  kt  and  depths  ranging  from  about  90  to  2,000  feet.  Tho  initial  con¬ 
ditions  and  pealing  parameters  are  listed  in  Table  8.1.  Each  test  listed  Hus  in  a  different- 
depth  category,  as  defined  in  previous  sections  of  this  report.  These  have  been  termed 
“very  shallow  (blowout),"  "shallow  (non-blowout),"  “deep,"  and  “very  deep." 

If  predictions  of  the  phenomena  at  other  yields  and  depths  are  required,  the  first  step 
is  to  determine  the  depth  category  c(  Uio  condition  of  interest.  Predictions  may  then  bo 
made,  using  the  appropriate  nuclear  test  in  Table  8.1  as  a  prototyiie.  It  Is  uuliuvcd  that 
predietions  can  bo  made  with  a  reasonable  degree  of  confidence -for  yields  ranging  from  1 
to  109  kt.  However,  because  of  the  lack  of  detailed  theoretical  knowledge  of  the  surface 
th«  present  time,  cxtraoolations  to  yields  considerably  smaller  or  larger 
than  the  rhove  specified  range  must  be  made  with  considerable  caution. 

For  surface  phenomena  predictions  for  safe  dolivei-y,  an  additional  category  of  “near 
surface"  burst  may  bo  established  to  include  bursts  that  are  so  shallow  that  the  luye.  c'  ■ 
water  above  them  is  vaporized  hy  the  explosion.  Tho  phenomena  of  this  type  of  burst  and 
the  associated  hazards  aru  unknown.  Hefercnco  23  indicates  that  the  following  equation 
con'be  used  to  provide  an  ai^roximaui  boundary  between  near  surface  and  very  snollow 

iwimtK, 

c  =  21  Y*'’  (8.1) 


190 

CONFIDENTIAL 


Thu  five  catugorius  and  four  didining  i>qii.-itiiiiis  oro  shown  graphically  in  Figcru  8.1. 
Because  this  ficurc  was  nrenared  for  use  in  safe  delivery  considerations.  *1  has  lx;un 
conservatively  assumed  that  a  burst  at  a  geometrically  scaled  depth  shallower  than  Umbrella 
"•  75  ft/lcl*'’)  would  be  in  the  blowout  region.  Probably,  the  true  tran.sitional  dci.'th 
)  between  blowout  and  containment  of  the  bubble  while  its  pressure  exceeds  atmospheric 

pr<‘ssurc  lies  somewhere  between  the  Umbrella  and  Baker  scalea  uupths.  This  has  Ixien 
estimated  to  rc  at  a  Ag  of  60  ft/kt*'*  (Reference  23),  althougn  :'o  dlreci  -.xperi»;ental 
verification  exists. 

V 

8.2  SPRAY  DOME 

If  delivery  of  an  underwater  weapon  is  to  be  accomplia.*icd  by  a  low-flying  aiicraft,  the 
rising  spray  dome  is  a  possible  hazard,  For  practical  purposes,  the  time  interval  between 
a  burst  and  tho  app"—  ~nce  of  spray  is  negligible,  slnr’*.  his  depends  on  the  speed  of  the 
underwater  shock  wave,  which  is  rarely  less  than  S  .t  10  it/sec.  Tho  maximum  extern  of 
the  spray  dome  formed  by  an  HE  or  nuclear  bursv  n.c/  be  estimated  by  using  the  following 

4  8S  a  -  2.30  Xg  ,  .  (8.2) 

Whore:  6  “  angle  witli  tiie  vertical  of  a  line  from  U'.ti  point  ef  I.;*."  '"i' ' t.  edge  of 
,  tho  spray  dome,  degrees. 

«  The  measurements  on  which  this  is  based  are  pi-usentcd  in  Figure  8.2,  which  shows  the 

general  consistency  between  HE  and  nuclear  data.  For  the  nuclear  bursts,  ait  equivalent 
yield  of  0.6GT  limes  the  radiochemical  yield  has  ^  vn  used  (Reference  10).  Equation  8.?. 

Is  probably  not  valid  beyond  tho  range  of  Xg  itr’  o  rd  in  Figure  8.2. 

^  If  a  need  oxiata  for  spray  dnmo  holght.s  as  a  fur'  tion  of  timo  for  a  deep  burst,  initial 

spray  volocitios  may  be  calculated  by  means  of  ^'quntion  l.'t.  The  peak  shock  wave 
pressures  at  tho  surface  muy  be  obtained  by  mi  :>ns  of  Equation  1.10  if  the  pressures  are 
less  than  3,000  psi,  or  from  Reference  17  if  the  pisssures  are  greater  than  3,000  psi. 

On  tho  basis  of  the  Umbrella  evidence,  th?  yl^U*  A  a  bottom  burst  should  bo  dcubicd  for 
the  calculation  of  initial  spray  vulucitics,  wl.cii  jafety  is  tho  prime  considoration.  Spray 
dome  hcight-vorsus-time  calculations  at  any  radius  may  be  made  for  deep  shots  by 
employing  the  Wahoo  rotardotion  factors  at  t!,e  i.ame  values  of  dimensionless  dome  radius 
r/c.  Equation  3.4  can  be  cxpiossed  In  the  fallowing  form  for  this  purpose. 

r 

f  I  30  o’*-*  ®  (8.3; 

Equation  8.3  Is  valid  only  to  a  dimensioiUcss  radius  r/c  of  1.26.  An  upper  linul  of  d'jme 
heights  may  bo  estimated  by  assuming  thal  gravity  is  tho  only  retarding  force. 

If  the  depth  of  burst  is  groat  enough  to  permit  one  or  more  bubble  oscillations  ber'  uth 
uie  original  surface  level,  a  secondary  spray  dome  hazard  will  exist.  In  the  absence  ot 
other  Information,  it  may  be  assumed,  for  safety  consldersltons,  that  this  could  occur  at 
submergence  factors  A^  greater  than  that  of  Sl-ot  Wahoo.  Secondary  dome  phenomena 
f  are  not  well  understood.  However,  th<.so  domes  should  origU'.ate  when  the  explosion  bubble 

pulses  reach  the  surface,  and,  as  on  Wigwam,  can  bo  about  fivo  times  h>  high  as  the  primary 
spray  dome.  They  should  not  extend  beyond  tiic  .idge  of  tlie  primary  dome. 

The  initial  spray  velocity  at  the  center  ot  the  primary  Wigwam  dome  was  .  lou.  o3  ,.:r 
V  cunt  higher  than  expected.  Tim  reauon  for  ih!«  ).  .havior  is  not  laiown.  Howev.  .  to  allow 

for  possible  occurrences  of  this  nature  and  the  normal  scatter  in  results,  a  CiO-perccnl 
safety  factor  should  be  added  to  c.dculated  ini.'al  spray  velocities  for  nuclear  bursts. 


CONFIDENTIAL 


ilg.!|i!WajiMtWi 


No  procedure  tor  shallow  hursts  ':as  hocu  estahi'slied,  exeei)t  for  tlu;  dotormiration  of 
aiaxinmin  spray  dome  extent  by  means  of  K(|tiatiuii  8.2,  because  of  !he  early  emersence  of 
the  plumes. 

i.3  1'UUr.lKS  ■  i 

A  secona  hazard  to  delivery  vehicles  is  the  rapidly  expaodiiiti  maos  of  plume:  produced 
by  an  underwate."  burst.  The  scaling  of  W.-ihoo  .and  Wigwam  plume  growth  is  shown  in 
reduced  form  in  Figure  o.3  as  the  prototypes  for  deep  and  very  deep  bursts,  rosixjct'vely.  j 

To  scale  these  data,  all  radii,  heights,  and  times  wore  divided  by  the  cube  root  of  Uie  yield, 
wliich  is  equivalent  to  prcasure-inertia  seeling  of  the  motion  (Appendix).  This  is  an 
■appro.ximation  based  on  the  successful  use  of  this  typo  of  sc:uir.g  tor  HE  tests.  In  reality, 
gravity  also  affects  the  motion,  but  the  neglect  of  gravity  docs  net  appear  t>'>  Introduco  a 
serious  error,  if  the  range  of  charge  weights  under  cimsidcration  is  not  e.xcessive. 

The  plume  radius  anu  iiuigni  data  employed  as  a  basis  fur  Figure  8.3  were  maximum 
Viilucs  uecausc  of  the  safety  requirement.  The  reduced  data  n.ay  be  converted  to  other 
yields  in  the  deep  and  very  deep  categories  by  multiplying  the  values  by  the  cube  root  of 
the  desired  yield.  To  fat.t  «  th'«  procedure,  liie  scaled  values  .are  summarized  In 
Table  8.2. 

The  time  of  plume  origin  i..ereases  in  slepwlse  fa.-.|>ion  wit'*  don"’  of  linrsl.  It  may  be 
assumed  that  the  time  of  plume  orig’h  coincidiis  wiUi  tiw  lime  of  eollai:.c<'  ti,.  r.l'  .'.ing 
bubble  at  t.he  end  of  its  final  pulsalmn  bcneatli  the  sa.ioce.  A  tcohniqiio  for  .aleulating  tiie 
migration  and  (lerlods  of  nuclear  bubbles  Is  presented  in  Reference  23.  Since  the  Wonoo 
curves' in  Figure  8.3  are  based  on  a  test  where  the  bubble  oscillated  once  before  the 
eruption  of  the  plumes,  they  aru  not  strictly  applicable  to  a  condition  in  which  a  nuclear 
c.xplosion  is  deep  cnougli  to  permit  two  eompiote  bubble  oscillations.  However,  in  the 
absence  of  such  prot.iP.-po  data,  bho  Waltoo  curves  may  bo  used,  providing  that  tlie  calcu-  ^ 

lated  curves  for  the  deeper  condition  are  t.liifted  by  adding  the  period  of  the  second  bubble 
pulsation  to  the  calculated  times. 

If  a  nuclcai-  bubble  oseittules  Uiree  times,  it  tails  m  the  category  of  very  deep  bursts 
represented  lij-  Operation  Wigwam.  However,  the  third  coltupso  of  the  Wigwam  bubble 
apiiearcd  to  occur  several  hundred  feet  honcath  the  surface.  For  a  burst  that  occurs  at 
a  shallower  scaled  depth  than  Wigwam,  ixit  "eeper  than  indicated  by  Equation  :i.28,  the 
calculated  plume  curves  should  be  .-uljustcd  by  subtracting  a  correction  factor.  The  mini¬ 
mum  time  of  plume  eruption  for  a  very  deep  burst  would  be  tlic  sum  of  the  throe  periods 
of  bubble  pulsniion. 

For  the  shallow  blowout  condition,  the  colunut,  cauliflower  cloud,  and  heav>’  liquid 
fallout  must  bo  considered.  The  scalir.g  of  the  Baker  plume  growth  is  shown  in  Figure  3.4, 
reduced  by  the  cube  root  of  the  yield.  The  reduced  data  may  bo  employed  in  the  same 
manner  as  for  plumes  from  deep  and  very  deep  bursts.  For  this  purpose,  the  scaled  values 
arc  listed  in  Tabic  8.3.  In  the  absenoe  of  other  infurmatlon,  the  maximum  r.-ulius  of  hca-.-y 
bailout  at  .Baker  may  be  .scaled  geometrically.  This  value  was  about  4,500  feet. 

.Maxinmm  value.s  of  the  Umbrella  plume  curves  ire  included  in  Figure  8.1  and  uumnt.-srized 
n  Table  8.2,  to  be  employed  as  prototype- data  for  shallew  bursts  that  do  not  produce  bio'.-.o-„t. 

For  safety  considerations,  the  relatively  .tarrow  column  neck  may  bo  ignored,  though  it  * 

uiiduubtcdly  lias  importance  in  the  develapmeiit  of  tbourius  of  u.-cplosio.'’.  plienumenology. 

In  tlie  shallow  riuinos  of  depths,  it  seems  advisable  to  assume  that  tlio  plumes  appear 
instantaneously  at  the  time  of  burst.  Although  the  plumes  may  appear  as  much  as  a  te.,- 
seeunds  iuiei-  in  (lie  ease  of  a  largo  yiulu  at  tiio  groaV..,.  uoptb  in  the  shallow  r.-Jlgo,  no  ** 

methods  have  been  developed  for  predicting  the  plume  times  for  shallow  bursts. 
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U  a  •.".irst  wcMVS  m  the  near  surface  range  Oetinea  by  Equation  S.l.  li'.e  surface  cicutJ 
t»i«OiiOtikCria  nuuiu  *>0  tu  \  uiiaisl  pi  iiiiaiiiy  of  laiioul.  Tile  existing  teei'niques  lor 

the  scaling  of  surface  burst  fallout  may  bo  cin|)Ioyc(l  in  this  range  (Kefetonce  45). 

Tliu  pluiiies  are  uapable  of  lining  pliyaioal  damage  by  direct  contact  v.'f'.h  u  deliveiy 
I  vehicle.  In  addition,  their  rapid  o.vfiansion  disturbs  the  air  Ixiyqnd  their  visible  bound?'*os. 

D'  cause  of  the  general  lack  of  reproducibility  of  jilume  phenomena  tliu  curves  given  jn 
Figures  S.3  and  8.4  may  be  considered  accurate  to  i.  30  peicent. 

In  addition,  a  buffer  zone  of  +  SO  percent  is  recommended  for  avoidance  of  tlie  violent 
\  air  motions  beyond  the  column  and  plumes.  A  coffer  zone,  possibly  overtopping  these, 

sliuuld  also  bo  established  for  protection  from  nuclear  railiation  originating  in  the  column 
and  plumes  (Reference  31). 


8.4  BASE  SURGE 


Since  the  base  surge  is  highly  radioactive,  it  is  of  considerable  importance  to  ho  able 
to  predict  its  growth  for  the  development  of  weapon  delivery  tactics  tor  lioih  ships  and 
low-velocity  airc  t.o.,  Iiclicnptors.  It  will  bo  assumed  that  the  base  surge  radial 
growth  tor  tlic  tou.  :c‘\  n  tests  conducted  may  bo  employed  as  prototype  data. 

The  Wigwam  bus  surg<.  was  similar  to  the  Wahoo  surge  in  general' oppcarui.ce,  though 
It  was  smaller  in  size,  ac  ^hown  by  the  crosswind  ruulol  growth  cur""s  In  ''iguro  7.3. 
Although  no  base  surge  scai'ng  studior  ‘■.run*  Imcn  done  for  HE  icu.'  ..I  ^...up  ..ursts,  it 
scums  ruasunablu  to  assume  that  the  Froude  technique  Is  valid  at  the  early  .«iage  ui  surge 
growth  for  the  deep  nuclear  tests  as  well  as  for  shallow  bursts.  A  measurement  of  (he 
maximum  plume  height  or  Uie  coll.cpsed  plume  diameter  would  see'm  to  be  logical  choices 
IS  characteristic  lengths  lor  scaling  the  r.-ulial  growth  of  the  surge.  However,  the  plumes 
arc  generally  irregular  In  shape  and  not  reproducible.  In  tlio  absence  of  good  statistical 
data,  these  parameters  caimot  be  used. 

Since  Use  nuclear  plume  dimensions  appear  to  be  related  to  the  dimensions  of  the  bubble 
at  the  end  of  its  first  oxiiansion,  it  scums  reasonablo  tliat  the  maximum  Ixibblo  radius 
Amax  would  bo  suitable  oi  a  characteristic  length  for  scaling  tisi  base  .surge  radial  growlh 
for  deep  bursts.  Thu  Fruudu  scaling  of  the  Wahoo  and  Wigwam  crosswmd  surge  data  is 
presented  in  Figure  8.5  and  Table  8.4.  To  convert  those  values  to  another  yield, 
mry  be  calculated  by  means  of  Equation  1.25.  Then,  the  tabulated  values  ui  reduced  radius 


s'nould  Ix!  multiplied  by  Aj^jy;  and  the  tabulated  values  of  reduced  time  multiplied  by  the 
square  root  of  A^^jj.  If  the  condition  of  inteivst  falls  in  the  category  of  a  deep  burst,  the 
reduced  Wahoo  data  should  bt'  'is<,d  as  the  prototyiiu  values.  For  a  very  deep  burst.  Wigwam 
is  the  appropriate  piototyiic. 

In  order  to  predict  the  rate  of  grotvth  of  base  surges  for  nuclear  bursts  in  the  very 
shallow  range,  the  Froude  scaling  U‘chnlque  has  been  used  willi  llie  maximum  column 
dlaiituter  as  the  characteristic  linear  dimension.  This  was  not  possible  on  Shot 

"lubrcUa,  because  a  comparable  D^ax  aoeld  not  be  measured.  However,  it  may  be 
assumed  that  the  of  1,550  feet  predicted  for  Umbrella  by  means  of  Equation  1.3(1 

roprosents  an  offeetivo  which  iiuncates  the  efficiency  of  the  Umbrell  c  'leir.n  in 

producing  a  base  surge.  Physically,  this  value  possibly  represents  an  average  plume 
diameter,  which  6.010101  be  measured  objectively  by  photographic  methods. 

The  Baker  amt  Umbrella  surge  rudius-versus-time  curves,  reduced  m  terms  of  Froude 
sealing  as  indicated  3b.i>c,  arc  pieaunUid  in  Figure  B.li.  The  similai-ilv  UjIi'i'  t  '*■-  ‘'ff, 
curves  is  striking,  although  the  Umbrella  curve  "'(tends  to  a  sc.ait.U  limt  of  30  .>  .<uc/ft'  ' 
whereas  the  Baker  curve  ends  at  a  scaled  tune  of  11. 1  sec/ft‘'‘ .  In  view  of  the  sliidit 
differences  between  the  two  curves  at  early  ti'ncs,  it  is  recommended  that  a  single  curve, 
obtained  from  the  higher  values  where  the  two  curves  c.'dst,  '.'O  oini'Ioyed  as  a  prololy[>e 
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aus  lo:'  this  y.saaiu  carve  are  !is!!"!‘  a:  Tac'.e  '-.!. 


:>•  uM'  s!..;ye  •.■.•i'vc  ._•  ..:,;a:r.  a  ‘jacc  lar^c  ior  a  pai-iicuiar  yieiii  :uul  <if|'iii  m  l-iv 
\er’'  .■'iialluv,'  (blowmil)  <>i-  .shaSluvv  (n<m-ltlt>\y(Xit)  rofiieii,  Dmax  may  Ik;  calculated  (rout 
i;.(i,at.  Ill  I..;,"  ui-  The  yeeulid  yup  ;a  Uie  ii.ultiplicatiull  uf  sealed  radii  Ijy  and 

•oa;c\i  liiiK-s>  hylhe  amiare  r<K>tof  D,nax‘  siiir);e  l•.^(lii  used  in  8.5  ;utd  8.0 

.uui  Table  '  .1  arc  averaj’es.  They  are  probably  accurate  to  *  20  pewent. 

Becau.'ic  of  the  -se  of  different  .siuuing  laws  for  plumes  and  base  .surge  plieiv...  sjiia,  l-.e 
calculated  curves  ittay  ovcrla|i.  in  thes''  casus,  tliu  curve  showing  Uie  greater  radius 
should  Ix!  used  for  safety.  , 

In  any  tactical  situation  fnvolvir^;  the  use  of  ships,  tlie  effect  of  the  v.nnd  on  the  base 
surge  la  extremely  int|)ortrnt.  The  motion  of  the  downwind  leading  edge  of  tiie  surge  may 
lx;  ublajiwd  by  adding  Uiu  wind  speed  tu  the  average  curve-  Tl  u  niutiun  uf  the  It  ailing 
upwind  ed(;e  did  not  upixtat  to  fol!-'w  any  simple  pattern  on  the  four  nuclear  tests;  however, 
on  botJi  Siiols  Walioo  and  Ui''  .la,  Iho  upwind  surge  curve,  caiild  lx;  approximated  by 
subtracting  half  the  windspeed  from  the  average  surge  radial  growth  rate.  In  all  the  nuclear 
tests,  the  trailing  edge  of  the  siirgc  reached  a  maximum  e.xtcnt,  then  remaitted  stationary 
or  moved  downwind  at  a  r  '  slower  than  the  winds. xsed,  though  usually  aitmning  tlio  simeu 
of  the  wind  at  a  later  lime  s  >>  j.v-  -.eral  ruleM,'!-lltumb,  subtracting  half  the  wi.tdspcod 
from  the  average  surge  ctirv  should  provide  a  curve  ndequatc  for  establishing  sahi  dis¬ 
tances  upwind  from  a  burst. 

The  nuclear  test  tiata  curves  a.'!"-."  to  the  gr*‘v*h  •>(  Hic  vlslblo  basu  '.n. ;  'I  u  ccllevcd 
Of-  ....  curves  accurately  show  the  uxtimt  of  the  serge,  uveti  at  late  times  when  the  edges 
jt'e  evap tting.  In  no  case  do  the  curves  prusunted  In  this  report  .show  tb.o  maximum 
surge  growth,  altitough  a  leveling  off  can  lie  seen,  hi  the  absence  of  Ixdter  Information, 
the  curv.'s  can  lx  '.xtrapol.-ited  to  Include  the  growth  of  the  inviilble  sargo  hy  fitting  a 
hyityriMlIo  equation  ■ '  the  data. 

f  ;r  satety  ironi  nuclear  radiation  originating  m  the  base  surge,  a  buffer  .’.one  e.McivJhig 
‘  ..end'tho  edge  of  the  surge  cloudshoiild  be  estabUched, 

The  vertical  growth  of  tiio  base  surge  has  not  Ixieii  studied  In  detail.  On  Wigwam,  Walioo, 
and  I'nd-i'l'a,  'hi*  wirgn  tops  i<*ii<li>il  to  lliietiiute  Ix'tween  liOOC  and  2.000  feel  after  an 
miiia'  rapid  i.i.e.  On  Baker,  the  behavior  was  similar  for  the  2  minutes  following  the 
Imrsi.  aft"r  wtimh  the  surge  height  incrcteiod  rajildly  as  a  result  of  puw  condonsailen  and 
cloud  developniciil  In  tiiu  surge  and  the  air  aliove  It. 

S’n  Himple  rule  can  Iw  eslablishett  for  surge  height  predictions.  .'It  early  times,  the 
vertical  growth  probably  depends  mainly  on  the  turbulent  motion  of  the  surge.  At  later 
■rnos,  almosphorle  turbulence,  temperature,  aivd  relative  humidity  at  altitudos  up  to  a 
>.*w  Ihotisand  feet  become  important.  In  general,  2,000  fed  is  probably  a  good  order  of 
magnitude  estimate  for  the  X-  to  100-kt  rjutg.?  for  tropical  regions  when  the  relative 
iiumtdlty  is  bolov;  TO  percent.  .U  a  higher  relative  humidJiy,  e.'denstve  vorUcal  duyeloji- 
ment  might  occur.  U  ait  atmospheric  tc.-nperalure  Inversion  ovists  in  Ihn  artm  of  the  burst, 
thia  ta,.H  probably  Inhibit  Uio  vertical  growth  of  a  baso  surge. 
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TABLE  8.1 

UNUERWATER 

.NUCLEAR  E 

XPLOSION 

TESTS 

CilCiiOry 

operation 

S(i<4. 

K"' 

Depth  of  ”“7'" 

Water  “'c 

Radius 

*'c 

‘'•itc 

Icct 

feet 

feet 

ft/ki 

Very  nliallow  Croatrc.'d* 

Baker 

23.8 

90 

180 

1  665 

M  5 

0.104 

(blowout) 

Shallow 

Har-ttack 

Umbrella  8 

180 

ISO 

829 

78 

0  244 

(non*b!owoiit) 

Oouti 

Hardtack 

Wahoo 

d 

500  ‘ 

0.000 

384 

240 

1.30 

Very  <teop 

Wigwam 

Wigwam 

32 

2,000 

T5.000 

376 

031 

8.33 

TABLE  8.2 

REDUCED 

LE.'M  PLUME  DATA.  SHOTS  U.VBRELLA,  WAHOO. 

AHD  V47GWA.M 

Height  ! 

L  lu,.t>>  ur  Plume  Radlua 

Height 

'*nl  iir.  >r  Plume  Rail'i,; 

t/ylO 

h/Y*'* 

i.  V‘ ' 

t/yl/a 

h/Y®'’ 

t/yl/J 

r/Y'-t 

aec/kt*'* 

rt/kt''’ 

aec/kt’'* 

It/kt'*' 

Mc/at*'*  1 

tt/kl''’ 

aec/kt'" 

ft/kt*’ 

Shot  Umbrellti 

0 

0 

« 

9 

a.8 

2,388 

3.8 

J'S 

0.S 

460 

- 

• 

0.0 

2.360 

6.0 

738 

1.4 

810 

1.0 

240 

6.8 

3..'t80 

6.5 

755 

1.8 

1,138 

1.8 

338 

7.') 

2.400 

1.0 

770 

2.0 

1.410 

2.0 

410 

»  8.0 

♦  ,414 

4.0 

TfttI 

2.8 

1,680 

2.8 

47.4 

9.0 

2.488 

9.0 

80S 

3.0 

1,880 

3.0 

830 

10.0 

2,470 

10.0 

810 

3.8 

2,020 

3.8 

5»0 

11.0 

2,478 

11.0 

810 

1.0 

2,148 

4.0 

628 

12.0 

2,478 

13.U 

610 

4.8 

2,240 

4.8 

660 

12.8 

2,478 

I'u.s 

810 

8.0 

2.300 

8.0 

690 

* 

— 

- 

- 

Shot  Wihoo: 

4.3 

626 

4J 

282 

7.2 

798 

7.3 

732 

4.5 

SuC 

4.5 

tio. 

.. 

s.n 

800 

8.0 

645 

8.0 

480 

- 

- 

8.8 

842 

s.s 

70S 

8.8 

543 

. 

9.0 

680 

6.0 

750 

6.0 

600 

9.8 

911 

6.5 

760 

6.8 

654 

• 

.. 

9.6 

910 

T  •\ 

704 

7.0 

705 

- 

-  . 

- 

Shot  Wigwam: 

3.47 

104 

3.68 

90 

:.s 

443 

6.5 

340 

3.5 

110 

4.8 

182 

6.0 

489 

7.0 

330 

4.0 

238 

5.0 

229 

- 

7.5 

420 

4.5 

345 

5.5 

2*6  0 

.. 

• 

7.89 

436 

5.0 

412 

6.0 

308 

- 

- 

- 

" 
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SHOT  '(AKKH 


9.:)  itiMjrcKD  I'n:.'.!:: 


.  yt" 

IIoil;,'): 

r^Y'~ 

Culumtt  or 

Flume  Uniiius 

1.’Y‘'’  r.'V'" 

lUdius  (il 
Cuutiii  1* 

l,'Y''' 

Ciinid 
r  /yM 

(iViuhL  (  f  »f 

l/Y*''  h/Y*'' 

^Ct^'kt* 

■>  (t/k,''’ 

sec/kl*'* 

sre/kt'" 

ri/ki'" 

•sicv'kt’'^ 

(i/kti'> 

0.74 

99 

0.05 

050 

0,7  ■ 

3*15 

l.O  , 

1,080 

O.l 

112 

2.0 

8G0 

0.8 

39“ 

2  0 

1.430 

0.2 

113 

4.0 

1.075 

1.0 

4'.H 

0.0 

I.GIO 

0.3 

ICS 

c.o 

l.liO 

1.2 

^05 

•1.0 

1,700 

0.4 

173 

8.0 

1,250 

1.4 

400 

s.o 

1,750 

0.'* 

205 

10.0 

1,320 

l.G 

r.j3 

Ti.n 

1,750 

0.8 

225 

12.0 

1,375 

1  3 

<*1*; 

9.0 

1.S75 

1.0 

242 

14.0 

:.4:»o 

2.0 

542 

1 0.0 

1,'J8S 

1.2 

257 

IC.O 

1,485 

2.2 

r.S8 

12.0 

2,125 

1.4 

270 

18.0 

1.540 

2.4 

570 

14.0 

2,290 

l.G 

285 

20.0 

1.590 

2.0 

573 

IC.O 

2,320 

1.8 

298 

21.0 

l.GiO 

2.8 

582 

13.0 

2,430 

2.0 

310 

•  - 

3.0  ' 

585 

20.0 

2,315 

2.2 

522 

- 

3.2 

565 

22.0 

2,535 

2.4 

*.“• 

- 

.. 

5.4 

505 

24,0 

2.GS0. 

2.51 

•<:2 

- 

3.5 

535 

2G.0 

2,090 

•• 

- 

- 

. 

23. U 

2.725 

- 

- 

- 

• 

. 

30.0 

2,750 

- 

- 

. 

.. 

31.3 

2,700 

- 

- 

.. 

T.\21.E  S.l  REDUCEC  JXCLE.AR  BASE  Sl'HCE  DATA 


Shot  BaStor-fmlirclU.  tAohno  SiiorWigwint  ■ 


^^'^iiiax  * 

•/'-Snix'''* 

■'mat 

SfC/ll''* 

OCC/fl'-* 

sec/ft*'* 

0.35 

0.68 

1.02 

4.60 

1.34 

4.18 

1.0 

2.00 

2.0 

9.20 

2.0 

7.31 

2.0 

‘  3.35 

3.0 

12.5 

3.6 

lO.d 

3.0 

4.15 

:.o 

14.8 

4.0 

11.5 

4.0 

4,70 

5.0 

16.2 

5.0 

12.5 

S.O 

5.11 

C.O 

17.2 

C.O 

■13.2 

fi.O 

bAH 

7.0 

18.3 

7.0 

13.V 

9.0 

6.06 

8,0 

19.4  ■ 

8.0 

14.2 

lO.C 

u.GO 

9.0 

20.4 

9.0 

14.4 

12.0 

7,04 

10.0 

21.2 

10.0 

14.7 

11.0 

7.42 

10.20 

21.2 

10.31 

14.8 

15.^ 

7.78 

18.0 

8.09 

20.0 

9.25 

22.0 

8.C0 

24.0 

S.83 

2fl.O 

9.03 

28.0 

9.22 

30.0 

9.3S 

30.5 

9.37 

*  Dntajc  defined  ly  Equations  1.35  and  1.36, 

t  A^j;,  IS  dctincil  hy  Etyjalion  1.25. 
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VERY  DEEP 


NEAR  SURFACE 


SCALIO  CMA*6C  OC^TH^  (^7/L» 


3PIIAY  DOME  ANGLE,  $(DE«EES) 


Figure  H.?.  Spray  dome  angle  versus  scaled  charge  depth. 
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Fit'Jrc  8.4  Scaling  of  Uiid^rulla  ajxl  Baker  plume  fco-aII. 


Chanter  0 


GONCH:StO:-S  and  HECOMMIvNUATIONS 


0.1  CONCLUSIONS 

The  resuHa  of  Oitorationa  Crossroads  .ami  Wig\v.an'.  domoastraltd  thi  v.;Iiii,  uf  ptium- 
|.'raph(c  analysis  for  nboainins  l>oU>  indirect  information  alsiut  an  underwater  nuclear  o.tplo- 
sion  and  the  accompap"'— ;  siiock  wave  and  bubble  |:hcnome.ia,  as  woli  as  direct  inturmatiun 
concerniiiK  the  visible  spray  and  cloud  effects.  This  was  also  clearly  shown  by  the  results 
of  Shots  Wahoo  and  Umbrella  In  f'jxjratlon  Hai'dtaek. 

The  sllclts,  spra  don.r;;,  and  siiray  rinits  nave  visual  evidence  of  the  pass.ific  ol  under* 
water  shOvd:  waves  >  'let;  <l  to  Identify  the  sources  uf  tliese  waves  un  Shuts  W.inou  iiiiu 
Umbrotta.  Tlie  initial  'crii<'‘i  vetw  itics  of  the  Wahoo  dome  wore  used  to  catcul.'tc  peak 
underwater  shock  pres along  the  suriacc:  Uiu  rco  '.tin),  »ilces  rwinod  from  1  to  M 
percent  higher  than  indicapul  jy  theory.  On  both  shots,  an  offer*  o,.  v  eninulatc 
the  yields  of  tl,o  bursts  by  means  of  an  initial  aumo  velocity  techniquu.  This  proviilrd  n 
voluu  of  8.9  kt  on  Umbrella,  which  was  11  percent  higher  than  the  radinch.tmical  deturmin- 
atlvio,  and  gave  a  result  uf  11  kl  un  Waiuwi,  which  was  pci'Cent  higher  than  Uio  radio¬ 
chemical  yield,  In  both  cases,  the  difforvneo  between  spray  dome  and  radiochemical  yield 
Incteascd  with  increasing  distance  from  surface  zero. 

m  general,  the  mousuromonts  from  the  tour  nuclear  shots  iraUcotc  a  tendency  tor  initial 
spray  dome  velocities  to  bo  higher  than  predicted  by  the  theory  currently  in  use.  On  Sho* 
Baker  of  Operation  Crossroads,  the  shallowest  burst,  the  diffcrenco  was  negligible;  however, 
the  difference  Increased  with  Increasing  depth,  reaching  a  value  of  38  percent  on  Wigwam. 

It  is  believed  that  surface  roughness  contributed  to  this  result.  Possibly,  the  effect  of 
surface  roughness  on  the  spray  dome  is  the  s.-une  at  all  depths  of  burst,  and  this  effect 
becomes  relatively  strong  for  very  dcei>  bursts,  such  os  Wigwam,  where  the  initial  dome 
velocities  were  low  and  tlie  spray  dome  was  relatively  broad  and  flat. 

In  view  of  the  lack  of  a  full  understanding  of  tho  variations  that  occur  In  initial  spray 
dome  volocitlc-s,  boUi  as  functions  ■'f  dome  radius  and  depth  of  burst,  it  does  not  seem 
advisable  to  employ  those  measurements  for  primary  yield  determinatiuns  in  undenvater 
nuclear  tests.  However,  the  method  Is  a  usefvl  chock,  and,  in  the  absence  of  other  infor¬ 
mation,  could  provide  an  approximate  yield. 

The  photographs  proved  to  bo  particularly  useful  for  Identifying  the  origins  of  the  shock 
waves  and  pressure  pulses  in  air.  T  his  was  done  by  correlating  the  times  these  pulses 
arrived  at  Project  1.2  stations  with  timed  photography  of  the  phenomena.  In  addition, 
qualitative  evidence  of  the  passage  ot  compression  and  rarefaction  waves  was  obtained  from 
photographs  of  changes  in  the  natural  clouds  in  the  area. 

Tlie  plume  phenomena  of  Shot  Wahoo  were  similar  In  general  appearance  to  those  of 
Shot  Wigwam  but  markedly  diffcteul  from  tite  plume  effects  of  iiti  wsts  ai  depd-.u  oulcuU-d 
tor  similarity  of  bubble  behavior.  Tho  latter  pnxluced  high  central  vertical  jets,  instead 
ul  the  symmetrical,  roughly  hemispherical  m.isse.°  of  plumes  obi:e’""*d  on  the  r.uuiuur  lesis. 

Shot  Umbrella  produced  a  tall,  roughly  cylii.uric^,  plume,  which  did  not  resemble  tlie 
cauliflower  clouds  formed  by  tho  shallower  Shot  Baker  and  by  HE  tests  scaled  geometrically 
to  Shot  Umbrelia. 
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I'l (•••'■litt'.  u«i>lv  Ui.ii  Ml-'  iC'l-i  liinit'.'il  for  thv  'iir'.-'.'f  '.•Urjiio- 
l.iinm  iJi  lihiiiio  ji!:i.i«iiiioiia  li>  lliu  iiuotcur  hualc.  Allliii.i!;h  hmall-.scalc  IcAla  iiavc  iiroviilo'l 
.ui  iiisi„lu  into  iiluiiu;  rflix-ta.  0|K;rali<iii  liartUack  <luiii(>iihlratu<l  Uial  llicau  al'iix.-  Aoro 
iio(  .■.(lofnialo  to  I'l-ovi'li'  ;t  loll  imilcr^lainliiii;  of  nucloar  Imrsl  offi'ci';. 

Dil.inj:  Simla  WaliiKi  .uul  L’liiliralla,  coariderablc  iiifiirr.iatiiin  i.ii  lliu  ;,r<)V.lli  xid  drift  ‘-I 
....r.^u  tvaa  aaquirid.  'I'ln:  Sartos  tended  to  move  in  t!ie  direetimi  of  the  wiinl  and 
at  llie  same  rjo'od  ua  the  W!:":.  (;,r  ti..,.  truilin);  ii|iwim!  edije.  «liieh  alioM'.d  i-viden'"- 

of  frietiiinal  retardation.  .\verai;e  radial  grottih  eurves  were  olitainud  wfiicli  (ii  ovide  a 
liaai.s  for  die  prediction  of  liaac  surge  ilevelopment  for  bursts  in  the  same  deptb  eutu'jones 
us  Wulioo  and  Umbrella. 

tin  '-ai'i  aiiot.;,  tlie  temperature -humidity  records  indicated  an  initial  heating  ol  the 
lagism  water  by  tlie  detonation.  On  Unibrella,  the  surge  was  at  lOO-pei-cent  relative  liumidity 
for  possibly  100  seconds  after  the  Ixirst,  after  which  it  gradually  mixed  '.vitl\  the  drier 
e.Ntornal  amljieiit  air.  After  <‘>0  “ceonds  from  the  burst,  the  surge  was  cooler  tlian  the 
surrounding  atmospbere  as  u  result  of  the  process  of  evaporation  of  the  water  dreplets  it 
•-onlaincd.  <Uter  about  l.'i  mimitos  had  elapsed,  the  Umbrella  surge  cloud  was  essentially 
at  the  uniblent  tomiioratur'  and  humidity. 

The  results  of  Uperatie  •u-ti'-'oR,  eomliliied  with  the  results  of  Shots  Daker  and  Wlgw.-im, 
eovei  a  wide  range  of  e.\|H;r.  lenl-ii  eondltions.  It  is  now  felt  tliat,  altliough  tlio  plienuinena 
are  not  tliorouglily  uiidoi-Jtiioo  orctUclions  can  lie  ni.'d^  wit';  >  tx'.'"'>nal>le  degree  of  confi¬ 
dence  for  yields  Irntween  I  ."r, !  »00  ’  using  the  lesults  of  tne  four  imclene  |,,„, el' 
predictions  could  not  bo  madu  wiln  coiuideiici!  pi  lot  lu  Uperatioii  IlardiacU. 

U.'d  IIECOMMENDATIONS 

A  result  ul  major  sigmlteuncu  was  Urn  dissimilarity  between  tho  bml>rulla  column  and 
ptunie  plienumeiu  and  tliu  surface  phenomena  of  UK  tests  at  depths  scaled  geometrically 
to  Umbixdla.  Because  of  the  faihiro  ol  the  Umbixllu  bublilu  contents  to  emerge  through 
the  water  surface  at  liigli  pixissuro.  both  the  air  shock  wave  and  early  (jirehaso  surge) 
nuclear  radiati.Mi  weri>  less  than  .nntieiiated. 

Since  those  effects  are  e.\trcmely  important  for  tho  delivery  of  underwaier  vv»ujions  in 
sliallow  water  by  sliips  and  aircraft,  additional  work  is  nuetled  to  obtain  a  liottor  iindu'*- 
Standing  of  the  merhanism  of  blowout  and  tu  determine  liic  nature  ul  tho  sealing  relationsliip. 

On  tlie  nuclear  scale,  It  would  be  desirablu  to  obtain  suriace  phonoaiena  data  from  one 
or  mure  Ms  at  scaled  depths  between  those  for  Shots  Baker  and  Umbrella,  'riiuse  would 
aid  In  determining  t!;..'  transitional  depUi  'v;iweoii  llie  very  sliallow  Qilowout)  and  shallow 
(non-lilowou'J  coisliti'o'S.  Of  'lecoinlrry  Interest  in  regard  to  surface  phenomena,  Imt 
extremely  useful,  wuuhl  lx*  a  nuclear  buist  intermediate  Ix-tween  VVaiioo  and  Wigwam, 
possibly  at  a  depth  |X‘rmitllng  the  bubble  to  uscillale  twice  before  breaking  the  surlaee. 

A  surface  Imrst  would  also  provide  data  needed  fur  filling  a  gap  in  the  existing  knowledge. 
Theao  should  all  bo  in  tlie  range  between  1  and  100  kt.  However,  because  of  the  uncertain¬ 
ties  in  tlie  prediction  of  effects  at  greater  or  lesser  yields,  tests  in  Uic  fraetiunal  kiloton 
range  and  at  the  .megatua  scale  should  also  be  eoo-'iderud. 

In  the  event  ..I  future  nuclear  tests,  it  is  essential  that  photography  bo  fully  uliUzo'i  ae 
an  experimenlal  tool.  To  ntt:>in  the  ma.\.mum  Ixinufit  from  photography,  e.xtensivo  wull- 
plaraied  coverage  comiuiieu  wuh  calm  ./ater  and  nilatively  clear  skies  is  needed.  Tiie 
latter  are  difficult  to  achieve  in  the  geugraiihicul  areas  usually  employed  for  nucleai-  telling, 
bat  eliiiiatelogica!  data  are  helpful  tor  !.".<licatmg  the  mts>  suitable  meni!'«  Six-ei.-c  ucem- 
mendations  concerning  iiliotograiihy  are  included  In  C'luiuer  2, 

In  view  of  the  moratorium  on  underwater  nuclear  testing  at  this  lime,  it  is  reeommended 
that  a  maximum  effort  lx*  madu  to  provide  the  umlerstu.'.ding  of  the  surface  |ihenome'i  >f 
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!:!i>lorw:UiT  luiclcai'  burets  ir.-  a!!  av;::!ab!e  u;.';)ur!;r.e;:tu!  sr.;!  ti-.i-iirotioa!  r.teti'.o.!... 

I'lnitb.'wi'j  ihiitibi  I*.*  •*!!  iisaUvtv  busrstr,  as  iniiisatuii  a'.rjvu. 

In  itonorol,  the  ilifforoncos  Ix-tweeii  IlK  resuits  anil  nuclear  burst  offeols  may  Is;  at¬ 
tribute'.!  to  throe  major  cansr  ;:  the  relativclv  lar;;e  physical  size  of  tliu  n.icU.ar  pheiiomoi'a, 
llie  ivlatively  lu\v-enur|0’-ilunsily  of  an  ilM  rhurpe,  and  Uie  differeiiees  liclv.eeii  a  nueiear 
luid  an  IlK  bubble. 

To  o.samino  the  effects  of  physical  si/.u.  IlK  efficts  may  lie  studh’d  "-‘h  u  "''.ii'  r.ini;i'  of 
charite  wulKhts.  In  the  past,  many  surf'ace  plienoinena  ux|)erimcnt.s  have  lieen  conducted  on 
a  lalstrstory  scale  with  charites  weighing  loss  thajt  1  gram,  ujul  a  considerable  eifort  Iris 
gone  into  field  exiierinients  in  the  ra.ngc  between  1  pound  .'md  about  ‘i  ton.<.  (me  test  was 
conducted  with  45  tons  of  TNT.  However,  the  early  phases  of  column  formation,  the 
ru|)tnre  of  the  water  surface  by  the  o.'tpanding  bubble,  and  the  blowout  of  e.\|ilosiun  iirixluets 
or  Inflow  of  air  have  not  been  studied  In  detail.  If  these  phenomena  were  Investigated  with 
charges  weighing  {r''~  'Jiout  0.1  gram  te  possibly  25  ton.i,  a  considerable  insight  wmild  lie 
gained  into  tiiu  effects  of  the  physical  size  of  tho  e.\|)eriinunl  on  the  blowout  proees's,  Using 
the  theory  of  Instability  (ttofercnce  M)  as  a  starting  point,  it  should  be  possible  to  develop 
adequale  acoliiig  I  ws  for  blowout  from  IlK.  iligli-speed  phutogrjgiby  and  the  employment 
of  pre.ssure  probe  .sir.  'I  to  record  values  witliin  the  plume,  column,  and  Ixibblu  would 
be  Important  tools.  . 

The  problem  ui  a|'p'''ir."  these  results  to  iiucleai  -...rsU  I-,  ..'.ore  Jilfic.ilt  In  this  case, 
tho  theory  of  tho  fo;  matter.,  nrowth  and  internal  structure  cf  u  .  *"  ••  i  '■.•  'leuld  play 

a  major  role,  ’this  tneurctlcal  work  Is  consideralily  advanced  as  a  resnil  of  w.ifk  for 
Operation  tt'igwam,  Kxperimenttl  techniques  that  may  be  useful  here  are  the  emiiloyment 
of  lui  accelerated  vacuum  lank  to  provide  adequate  scaling  of  the  migration  of  a  nuelear 
bubble,  the  uso  of  sp.arks  or  e.xidoding  wires  to  protluce  a  steam  hubhl.t  hum  a  point  siMireo 
the  uso  of  sjiccial  chemical  o.xplostvus  that  eontain  n  larjj;  <iuuntily  of  water  of  eiyslallir.allun 
to  produce  a  steaiu  bulibte,  Oud  the  ese  of  cliemieui  u,\|doslves  that  have  bubbie-tu-siiiiei(- 
wave  encrgi'  ratios  simitar  to  nuclear  explosions. 

Tho  base  suige  also  requires  further  study,  iiartlculurly  in  regard  to  the  effects  of 
tneteorological  conditions  on  the  growth  ajtd  dissipation  of  the  surge.  .'Mtliuiigh  Shots  Haker 
and  Umbrella  were  detonated  In  tho  same  geographical  ureti  and  during  ujiiii'o.'dmutely  the 
some  season  (Baker  was  fired  on  25  July  and  Umhreiia  on  10  Juni>),  the  surge  dcvciopmer.t 
and  dissipation  mechanisms  were  radlealiv  different  on  these  tests.  This  was  attr.iwU'd  to 
die  higher  relative  humidity  .and  greater  atmospherle  instability  during  Shot  tlalter.  How¬ 
ever,  much  greater  c.xtremus  are  pussible,  if  hursts  oeeiir  in  diffuivnt  latitudes.  It  seems 
likolj  that  a  ourge  ratnoul  woulil  rrmluce  relatively  higb  dejjosits  of  radlouetive  matei-iuis 
on  .ships  or  otlior  tarjels,  while  llie  passage  of  an  evajturating  surge  wnuM  leave  a  relatively 
light  deposit.  A  surge  cloud  that  remains  visible  for  a  lung  |>eriud,  such  as  might  occur  in 
the  Ai'ctin,  coubi  probaldy  be  identified  visually  until  Us  radioactivity  harl  Ixion  rcdncud'tu 
a  low  level.  This  would  reduce  tho  likelihood  of  Inaiivertcntly  entering  the  contaminated 
atr,  as  eoulc  have  occurred,  for  c.xamplc,  on  a  burst  such  as  Wigwam,  whore  the  surge 
b-.eaniu  invisible  to  surface  ships  about  4  minutes  after  the  burst,  yji  eontained  relatively 
high  dosage  levels  21  minutes  after  the  U.>st.  In  tliu  absence  of  nuelear  tost"  'liuoreticai 
M,,J  iu*>vta,>/«^  — i,^4va^i,ca  aiv  vaotfOviOl  foi  a  oeiu'*  miderstabdtng  cf  tiw  cffeuts  (U  luuleor- 


ological  conditions  on  a  base  surge,  because  not  ail  of  tlio  fuil-sc.’dc  pli.iio.inena  can  !*. 
simulated  with  ilK  tests. 
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Anpyn'tix 

PRINCIPLES  OF  HYDR0D\-N,\M1C  SCALING  OF  UNDERWATER 
EXPLCWION  PHENOMENA 


In  cnginiuring  prujuuts.  it  is  common  pracUco  to  study  the  pc  'formance  of  a  small-scalu 
replica  (mo<lel)  of  the  largu-scalu  structure  (lu'ototype)  that  is  to  he  iHiilt.  Some  exampfes 
are  model  dams,  brcakwatc...  ships,  and  aircraft.  In  these  eases,  it  is  r^eossarv 
to  model  the  tlow  of  water  .or  air  around  the  structure  or  vehicle.  IX  a  i.nedcl  test  is 
performed  properiy,  valuable  Information  about  Uio  prototype  can  be  ohtaned  at  .a 
relatively  low  cost.  The  .J  principles  that  are  employed  in  engineering  model  studies 
can  also  bo  used  for  moduli,  a  :..'so  u.ndcrwater  explosion  with  a  .small  one. 

Tho  simplest  scaling  com  'pt  is  mat  of  geometrion!  simllaritv.  This  implies  that  the 
parts  of  a  model  havn  the  same  ..hwe  as  tiio  corresponding  parts  of  tho  p.et''*"TW’.  ’  i  («tiior 
win-ds,  all  dimensions  in  the  mod'.-'  uro  snnr.c  e.,., j*,-.- •  multiple  of  the  ena.v->ui  JiiianBions 
in  the  prototype. 

For  a  shallow  underwater  cxploslo.t  in  which  the  explosive  composition  and  density  arc 
tho  same  in  model  and  prototype,  and  a  spherical  charge  is  used,  tho  followini*  tliroo  longths 
completely  determine  the  initial  conditions; 

d  =  water  depth 
n  B  charge  depth 
r^  ■  chatgu  r.idlus 

Figure  A.l  Hluslratos  the  experimental  conditions  for  a  0.2*scalo  model  of  a  shallow 
underwater  explosion.  Tho  subscripts  m  and,  p  are  usod  to  designate  tlie  model  and 
ptotolypo.  respectively.  Tho  length  sCiilo  factor  kj  is  defined  as  follows; 


Whore;  1  =  any  linear  dimension. 


In  this  case; 


im.  =  iiiii  =.  .lilll  r.  .r. 


Points  that  correspond  to  each  i  ihui  in  model  and  prototype  are  culled  Homologous 
points.  If  z  is  tile  vertical  coordmat''  and  r  tho  radial  coordinate  for  he  example  given 
in  Figure  A.l,  then 


*m  =  h  2p 
‘m  =  •'1  '•p 
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NMifii  iiulil  IU>u'<>cciirs,  it  is  necessary  to  omiilny  ihi>  /•orcciit  of  homologous  timus. 
llic  moiiua  ol  Uic  model  and  iirnlolypj  arc  kinunialically  similar  il  homologous  particle 
lie  at  hoiiuiloipus  points  at  iKMiiulopixis  times. 


Vor  example; 


'll... 


w 


P 


Where:  w  a  vertical  comiHineiil  of  velocity 
t  “  timo 

Combining  these  equations  gives 


If  kyv  “  vortical  vclorit^  serjr.  factor,  anti 
■kt  -  lime  scale  factor. 

It  follows  that! 


h  n  la. 

kj  kj 


The  acall.tg  of  accelorstlona  Is  rfovolopctl  In  the  followlnc  way: 


a  Hlfn. 

'“m 

P 

i> 

“‘p 

■  'HV 

Whore; 


dw 

dt 


vertic.'il  component  t>.’  acceleration. 


Combining  those  equations  yields 
/  ‘‘Wp  ah 

'  dir 


dw, 

dt, 


m 


P. 
P 

If  k  ■  =  accclu'-atinn  scale  factor.  It  follows  that 


/ 


di-,„  /  liPj 


Since 
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Ill  untvi'  tu  m.’iiiiain  and  kSnuniaiic  similarity  botwson  fli'w  patlurnt:,  Urn  ratios 

imlwouR  tif."  Iss'ct.’s  joHno  no  narrrscnxlinjj  fltiiti  parcoin  in  model  and  prolulviw  ii  ital  bo 
llio  same.  T!'“  frlioaint;  aru  somo  «( il.o  {orcoa  commonly  cncountcrod  in  tlio  fluid  tlow 
snrrouiKlim;  an  umiorwatcr  explosion,  exprassed  in  Rcnoral  form; 


I'l’cssiiro  force  =  pA  «  pl^' 

IiV'fita  (nri‘'‘  •n'v  = 

Gravity  forau  nti;  s  pl’i; 

Viscous  fort!  p~  A  X  pvl 

Surface  tension  force  'll 

Where:  ()  x  iirossuru 
A  "»  area 
a  t-  accoleratlott 
ill  '  inaas 
p »-  dunsity 
v.B  radial  volocUy 
15  *  acoclortdloii  due  to  pravlty 
It  r  coefficient  o'  viscosity 
T  «  suilai  c  lens'on 


If  an>*  two  of  the  alaovo  forces  (sovorn  tho  flow  p-.-uotnonon  being  consldeted,  dynamic 

similarity  may  be  maintained  by  keeping  the  . . .  theso  forces  the  same  in  the  model 

and  protet}t)e>  Tin.  force  ratios  are  expvossod  as  dimensionless  raimbets,  such  as  tho 
following! 


Reynolds  number 


inertia  force 

SI  I  I  I  .wi..— — ■ 

viscous  force 


Pressure  coefficient  • 


pressure  force  _  p 
inorlta  force 


Of  I 

pv* 


,  ,  inertia  tovee 

h  rouile  nriidier  -  — - — ~- 
graviiy  force 


Weber  number  “ 


inertia  force  _ 
surface  tension  tnree 


Where;  Ap  i-  pressure  difference. 

U  p.  p,  Ap,  T,  and  g  .ire  the  same  in  both  mode!  and  prototype,  the  following  scale 
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liL'yituIds  scaliiii;  -  k|“',  •-  'Kj*,  •=  k|“’ 

si-almj;  k,,  “1.  k^  -  k|  ,  k^^  ■  kj’' 
t'roude  :<calin|;  k^  "  1:,'^.  kj  •  k|*^^,  1;^  -  I 
Wobor  scaling  ky  -  k|"*'^,  k^  “  k|’^*,  k^  =  kj'* 

/\n  example  of  the  application  of  this  technique  to  an  underwater  cxp!')‘'ion  problem, 
conuidur  a  parcel  of  water  in  the  o>q)anding  coliinin  fnrincd  hy  a  shallow  burat.  Tlie  hori¬ 
zontal  eompoiM'nt  of  motion  Is  determined  mainly  by  the  inertia  of  the  water  a;id  the  differ¬ 
ence  liulw<K.ni  tiK?  pressure  Inside  the  column  and  the  atmcsphoric  pressure.  The  pressure 
difference  changes  en-»nuuusty  iu>  a  result  of  the  extiansion  cf  tho  column  until  the  column 
breaks  apart  and  pr‘'suurcs  arc  equalized. 

If  a  large-scale  e.xploslon  is  properly  scaled  with  jniull-modcl  tests  that  are  designed 
to  simulate  tlie  r.-’liol  u.\|)ansion  of  the  column,  and  column  rodius-versus-tlmc  data  is 
obtained,  the  foil  -g  r  ‘suits  .'houlu  l)0  obtained; 

Since  ki  ■>  k),  ai  times  ..'ill  be  reduced  by  a  factor  of  0.2  In  a  0.2-scalc  model. 

Sinee  ky  o  i,  the  ■.'•‘■oltfes  of  flow  will  uc  tho  s.i  "o  o..  all  scales. 

Since  k^  n  kj”*,  .l;c  .‘lerations  ufll  be  five  times  as  '•<  ii  ■'  do  model  .as 
in  tlk!  prototyjie. 

In  addition,  if  each  set  of  radlus-versus-time  data  Is  reduced  by  dividing  each  ineasurc- 
inent  by  the  length  scale  taetor  kj ,  and  tho  values  are  (iiottcd  as  r/k|  versus  t/k|,  all 
polius  should  lie  on  the  same  curve.  Tills  scaled  curve  may  then  Im  used  to  predict  the 
.actual  r^us-versus-time  curve  fur  an  untested  condition. 

Tho  radial  flow  of  the  base  surge  formed  ■>y  an  inxlerwater  u.'qiluslon  is  governed  by 
gr.avity  and  Inertia  forces  at  uarlv  times.  Therefore,  Froude  scaling  laws  should  Im 
olwyed  by  this  phenomenon,  bt  this  case,  velocities  and  times  are  reduced  by  0.4S  in  a 
0.2  scale  .iiudel,  and  accolerutlons.uro  tho  some  on  all  scales.  A  cemmun  curve  for  all 
radlus-versus-Knu  d.ata  may  be  obtained  by  dividing  radii  by  k}  and  times  by  k|'^* . 

Figure  A.2  illustrates  how  the  radlus-vorsus-tiine,  vclocity-versus-timu,  and  acceleration- 
versus-timo  curves  look  for  a  hypotliulle.al  case  whoro  prossurc-lncrtla  scaling  Is  valid, 
and  for  tlio  same  case  if  Frouik*  scaling  is  valid. 

if  more  Uian  two  forces  are  imi>ortant  in  the  eNperiment,  e.sact  scaling  is  Impossilde, 
and  some  cempromises  must  be  "lade.  In  some  cases,  the  medium  must  lie  ehunged  in 
order  to  obtalr  a  proper  ratio  of  forces. 

If  the  plieno'.ncna  are  more  eoo.nle.x  than  indie.otod  pijovc,  but  tin*  variables  involved  can 
lie  IlsU'd,  It  is  po.ssibIe  to  calculate  a  sol  of  dimensionless  products  that  may  lie  maintained 
constant  or  varied  systematically  in  a  series  of  tests  to  obtain  useful  engineering  ciirvei: 
(Uyforonce  40). 

Model  laws  may  also  bo  established  by  mailing  use  of  the  difl.-i-ontial  equations  ol  motion 
for  the  plicnomena  of  interest,  providing  these  equations  aru  knovin.  Since  lli"  sume  equation 
should  lx:  val<d  for  lioth  llic  mixiol  and  tho  prototyix:,  the  scalu  factor  relatiuiislup  required 
to  make  Isitli  of  Oh-m!  tlio  same  n.ay  U;  delormini‘*l  by  algebraic  manipulation. 

Anolhol’  inediud  for  deriving  law?  of  simiUnity  from  diffurciitiol  equations  is  to  expro.ss 
tiio  equations  In  lUmunsionless  form.  An  i‘\anipli-  of  ihis  Is  the  develeiKnent  of  tho  sealing 
laws  for  Iho  migration  of  c-xsilusion  Iwbbles  (Reference  9).  This  ■'•‘.•iv.aiiun  showed  that 
Z/W*'*  must  lx;  the  same  In  model  tmd  peololipo  for  the  proiwr  souiiiig  of  Ivlibie  migration 
^d  providou  a  method  for  calculating  the  migration. 

Tlie  geometrical  scaling  considered  at  the  lx<giiining  ot  this  aiipeiuli.v  is  based  on  tho  •i/o 
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ot  litu  uitu.\{jioduu  charge.  For  scahni;  tho  pluniu  |iiiuituiiii.-ii.i  ut  duu|nir  l.ursU,  i'.  ina^  !/0 
dosirablp.  to  proviJn  tooir.otrlcal  scaling  of  the  explosion  bul)ble  at  t!  ?  enJ  of  us  initial 
expansion.  !t  is  not  possible  to  fulfill  both  of  these  objectives  in  the  same  uxi)t>riment 
unless  special  tost  equipment,  such  as  an  accelerated  tank,  is  eonatructert. 


V.l— 


«•  wtfiK  OePTri 
e  t  CW.KGC  DEPTH 
CHAROE  RADIUS 


MtOTOnfRC 


40ET. 


0.2 'SCALE  MODEL 


li,t  LENGTH  SCALE  FACTOR  ,  iS  ,  I.*® 

Ip  Cp  4p  ',;p 


Figure  A.l  Geometrically  sealed  motlel  of  sh:iu,v  undervv.alev  explosion. 
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